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Abstract
Aluminum behavior—accumulation, agglomeration and ignition—is studied in a unique,
wide-distribution, ammonium perchlorate/hydroxyl-terminated polybutadiene (AP/HTPB)
propellant formulation that results in low Al agglomeration, even at low pressures (1–30
atm). Variations in formulation—such as fine-AP/binder ratio, Al particle size, Al loading,
coarse-AP size—are also examined. A fuel-rich, oxygenated binder matrix highly loaded
with fine (2-µm) AP (FAP) at 75/25:FAP/binder (by mass) is found to have premixed flame
conditions that produce minimal agglomeration (without ignition) of 15-µm Al. Coarse AP
(CAP) is added to the system in the form of either particles (200 or 400 µm) or pressed-
AP laminates (simulated CAP). In the 2-D laminate system the CAP/oxyfuel-matrix flame
structure is seen to be similar to that previously described for non-aluminized laminates
with split (diffusion) and merged (partially-premixed) flame regimes, depending on pressure
and fuel-matrix thickness. Both laminate and particulate systems show that with CAP
present, Al can agglomerate more extensively on CAP via lateral surface migration from
fuel matrix to the CAP region. The particulate CAP system also shows that Al can ac-
cumulate/agglomerate via settling on CAP from above (in the direction of burning). Both
systems, but more clearly the 2-D laminates, show that with CAP present, Al is ignited by
the outer CAP/fuel-matrix canopy flames. Thus, a propellant formulation is proposed for
reducing overall Al agglomeration through intrinsically reduced agglomeration in the fuel-
matrix and a reduced number of CAP-particle agglomerates via higher FAP/CAP ratio.
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Chapter 1
Introduction
Aluminum behavior (accumulation, agglomeration, and ignition) on the surface of composite
propellants (ammonium perchlorate/hydrocarbon-binder; AP/HC) has been studied but a
complete understanding is still lacking, and as a result undesirable aluminum agglomeration
has been difficult to predict and control. The inclusion of aluminum in a composite (hetero-
geneous) propellant adds complexity to an already complex combustion system. Composite
propellant flames (AP/HC) are intrinsically three-dimensional and unsteady, even when the
macroscopic environment (e.g., pressure) is fairly steady. Understanding the combustion of
a non-aluminized composite propellant is a serious challenge, even without the added com-
plication of aluminum agglomeration; and yet it is crucial to understand the former in order
to understand and be able to control the latter, since the non-aluminum flame environment
plays such a strong role in determining aluminum behavior.
One of the most useful tools in elucidating AP/HC flame structure has been the 2-D
laminate (or sandwich) propellant. The primary advantage of the laminate propellant is that
one of the flames of the AP/HC system, that between coarse-AP oxidizer and fuel-binder,
is made essentially 2-D and steady, instead of 3-D and unsteady, by replacing particulate
coarse-AP with AP slabs or laminae. Several investigators have made extensive use of the
laminate system to clarify surface behavior, (Price et al. 1986; Price 1995) flame behavior,
(Parr and Hanson-Parr 1996) and combined flame-surface behavior (Chorpening and Knott,
2000; Chorpening et al. 2002; Fitzgerald and Brewster 2004; Fitzgerald 2005). It is natural
to make use of this geometrically simplified system to study the combustion of Al, specifically
its agglomeration and ignition behavior.
1
1.1 The Oxidizer: Ammonium Perchlorate (AP)
The oxidizing constituent of the composite propellants in this work is called ammonium
perchlorate (AP) and has the chemical formula NH4ClO4. A thorough review of the com-
bustion and decomposition of AP was written by Jacobs and Whitehead (1969). A few of
the physical properties and general characteristics of AP are summarized here.
AP is a white crystalline solid that is a combination of the salt of ammonia and perchloric
acid and is stable at room temperature. At 513 K, AP undergoes a solid phase, reversible,
endothermic transition from an orthorhombic (measured density of 1.95 g/cm3) to a cubic
(calculated density of 1.76 g/cm3) crystalline structure. AP is categorized as a monopropel-
lant which means that, although it is known as an oxidizer, it can burn on its own without
being combined with a fuel. Gaseous decomposition results in ammonia and chlorine-based
products including the highly corrosive HCl. The presence of chlorine, along with the lack
of carbon, complicates the burning of AP and differentiates it from the chemistry of other
combusting hydrocarbons.
The combustion properties of AP are dependent on its particle size and the system
pressure. A self-deflagration limit exists at 20 atm (2 MPa) below which, pure AP will not
burn unaided. Above this limit, a thin, premixed flame exists near the surface of the AP
crystal and is accompanied by a frothy, thin liquid layer (about 5 µm thick) that decreases
in thickness with increases in pressure. Between 20–140 atm, the pressure exponent of the
AP burning rate is about 0.8. This value is less than the upper limit of 1 for premixed
combustion. Above 140 atm, there is a significant reduction in the pressure exponent. AP
burns on its own according to the ideal theoretical adiabatic decomposition reaction
NH4ClO4 → 1.25O2 + 1.5H2O +HCl + 0.5N2 (1.1)
and forms primarily N2, H2O, HCl, and O2 at a theoretical equilibrium temperature of
approximately 1400 K (in practice the temperature is usually around 1200 K). The excess
2
O2 is available to oxidize hydrogen- and carbon-containing species from the binder.
AP is the only known oxidizer to impart mean particle-size dependent combustion in
burning propellants. Considered hazardous when handled at sizes below about 15 µm, AP
particles of decreasing size correlate to increasing heating rates which translate to changes in
the burn rate (when intermixed with other solid propellant ingredients). At the oxidizer/fuel
interface, leading-edge diffusion flames are formed. Decreasing AP particle diameter exposes
a greater percentage of the particle (volume decreases more than the surface area) to the
diffusion flame and the higher temperatures associated with it as compared to that of the
pure AP monopropellant flame (theoretically 1400 K for complete combustion). Measured
AP temperatures range from about 1175–1250 K due to thermal losses and the formation of
NO and N2O.
1.2 The Binder: Hydroxyl-terminated Polybutadiene
(HTPB)
An elastomer polymer fuel binder is used to hold all other solid propellant constituents to-
gether; in this work, as in many others, HTPB (hydroxyl-terminated polybutadiene) is uti-
lized. The viscous, uncured or pre-polymer binder (R45M) consists of three isomer groups
of butadiene: trans, cis, and vinyl. The proportion of the each is dependant on the binder
manufacturing process and is typically found with a 57:21:21 mass percent breakdown, re-
spectively. The chain of butadiene molecules (C4H6) is terminated at both ends with a
hydroxide ion (OH-). A curative, IPDI (isophorone-diisocyanate) is used in this work, is
added to the cross-link or cure the pre-polymer binder. Once cured, the binder solidifies and
becomes rubber-like.
Pure HTPB does not burn on its own; it requires the addition of an oxidizer. However,
heating HTPB causes it to decompose. Detailed and thorough technical research on HTPB
has been performed by others and is readily available in the literature. A brief summary of
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some of the relevant material is presented here (Chen and Brill 1991; Lu and Kuo 1996).
The first major step/reaction in the decomposition of HTPB, whether heated slowly or
rapidly, begins with the cleaving (breaking) of the urethane bonds (which are responsible for
the hardening/curing of the polymer) and includes a plethora of species, many of which are
hydrocarbons themselves. As the heating rate is increased, the decomposition becomes less
exothermic; cross-linking (the number of urethane bonds) decreases as does cyclization (both
exothermic processes). At rapid heating conditions (typical of combustion conditions), the
HTPB releases volatile products endothermically such as butadiene, butadiene oligomers,
and CH2O via depolymerization (bond-breaking) or desorption which dominates the regres-
sion rate. Once the urethane linkages are broken and the curative volatizes (near 700 K),
the remaining HTPB behaves as though it had never been cured (urethane cross-linked).
When combined with AP, new characteristics of combusting HTPB are uncovered. The
combustion of AP/HTPB propellants produces a hot flame, higher than that generated
during the thermal decomposition of HTPB. This high temperature produces low-molecular-
weight hydrocarbon species, e.g. acetylene (C2H2), as opposed to the larger molecular weight
hydrocarbons associated with the decomposition of pure HTPB. Additionally, the HTPB in
AP-oxidized propellants has a tendency to melt and flow onto the surface of the AP particles;
this is especially the case for propellants containing large AP particles as compared with those
containing small AP particles.
If AP is balanced to react with hydrocarbon (HC) binder to form N2, HCl, H2O, and
CO2, it requires one C-H unit with a ratio of 1:1. The equilibrium reaction
NH4ClO4 +HC → CO2 + 2H2O +HCl + 0.5N2 (1.2)
describes this complete combustion process. Typical binders have C-H ratios higher than 1:1
(making them fuel-rich); the C-H ratio for HTPB-binder is 1:1.5. In complete combustion,
an increase in hydrogen in the binder results in more H2O, H2, and CO production and less
4
CO2 production. The excess hydrogen is useful for reducing overall combustion products
(helps reduce nozzle erosion caused by the oxidizers) and reducing combustion product
molecular weight (the specific impulse tradeoff between temperature and molecular weight
favors the formation of CO over CO2). The theoretical (stoichiometric) AP:HC mass ratio
is thus 117:13 = 9:1. Achieving this high of AP-solids loading is difficult rheologically in the
viscous polymer binder and impossible without taking advantage of multi-modal (bimodal
and higher) AP particle size distributions (fitting smaller or fine-AP particles (FAP) between
larger or coarse-AP particles (CAP)).
1.3 The Metal Additive: Aluminum
Composite propellants include aluminum as an ingredient due to its high energy density, high
specific impulse (Isp), and usefulness to aid in the suppression of combustion instabilities.
As an element, aluminum is readily available in nature and is relatively inexpensive to mine,
refine, and manufacture into a usable ingredient in solid propellants.
Like any additive, the use of aluminum has its pros and cons. It is considered a “high
performance” additive due to its high energy density that increases the Isp of the propellant
in which it is used (e.g., for the shuttle solid rocket booster, the Isp is about 265 sec.). (Isp is
the method used to describe the efficiency of rocket engines, and is defined as the impulse,
or change in momentum, per unit of propellant. Thus, the higher the specific impulse, the
less propellant is required to attain a prescribed amount of momentum.) The inclusion of
aluminum increases the Isp by increasing the temperature of the combustion products and
lowering their molecular weight by producing H2 gas. (Al is oxidized primarily by H2O and
secondarily by CO2 in solid propellants, forms Al2O3, and burns as AlO.) Figure 1.1 sim-
plistically shows how Al affects the combustion system and the chemical pathways involved
as it burns. The presence of solid or liquid Al, Al2O3, and other oxides slows down the
flow velocity, and, in gaseous form, causes variability in the local and global effective heat
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capacity of the combustion gas. Its inclusion is also useful as a propellant opacifier by reduc-
ing excessive amounts of propellant preheating (infrared thermal—radiation—heat transfer
from the combusting gases to the propellant surface). An optimal non-stoichiometric com-
position for aluminum, assuming complete combustion internal to the combustion chamber,
that maximizes the Isp is near 16% by mass of the overall propellant.
Figure 1.1: A simplistic view of the effect the inclusion of aluminum has on the
combustion products of a fuel-rich mixture.
Aluminum size and shape factor into the resonance time of the aluminum particle or ag-
glomerate inside the combustion chamber. If all of the aluminum is not combusted inside the
nozzle or chamber, it can accumulate on the nozzle walls (known as slag) or be ejected from
the chamber unburned resulting in losses to system efficiency and performance. Decreased
aluminum size (either by reducing initial Al parent size or the likelihood for agglomeration)
or loading helps mitigate this effect. Lastly, there are complications and uncertainties asso-
ciated with Al inclusion in the propellant that are not being considered in this work such as
the influence of shape (spherical vs. non-spherical), fragmentation of the parent aluminum
droplet into multiple smaller droplets, uncertainties in the thickness of the aluminum oxide
layer and in the growth of a surface oxide lobe, among others.
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1.4 Physical Process of Aluminum Agglomeration
The last half-century has seen a focus on trying to understand the physics behind aluminum
agglomeration, ignition, and detachment from the surface. The “what happens?” (the
physical process) is fairly well understood, but the “why does it happen, and what causes
it?” remain generally unanswered. A brief, general summary of the physical process applied
to an ammonium perchlorate/hydrocarbon-binder follows (Price 1984; Price and Sigman
2000; Geisler 2002; Sambamurthi et al. 1983).
A composite propellant containing a mixture of binder (fuel), fine ammonium perchlorate,
and aluminum is packed between coarse-AP particles (e.g., 200 µm) forming a “pocket”
(Figure 1.2). (A pocket is the region between coarse-AP.) As the composite propellant
burning surface regresses, the aluminum particles remain unignited in the binder melt and
begin to concentrate on the surface. Although they are able to move around in this thin
melt layer, typically the surface tension of the melt serves to retain the aluminum. Since
surface temperatures are lower than the oxide melting point, approximately 2300 K, the
aluminum particles, due to the protective Al2O3 coating that surrounds them, will not
ignite. As the temperature rises, the oxide coating begins to degrade or crack allowing the
particles to coalesce together to form larger clumps or chains of aluminum referred to as
accumulates (Figure 1.3). At this stage, the accumulates have an ill-defined shape and are
typically not spherical. As conditions and temperatures near the surface continue to change,
the accumulates continue to migrate around the surface, ignite, and/or detach from the
surface. High temperature (> 2300 K) locations in the flame near the surface cause the
oxide layer of the protruding accumulate/aggregate to melt, exposing the aluminum inside
to the oxidizing environment. A rapid series of oxidizing reactions occurs, intense heat is
given off, spherical droplets also known as agglomerates form from the chains or groupings of
individual particles, and ignition occurs. If not already separated from the surface, the rapid
rise in temperature due to the oxidation reactions increases the drag forces and propels the
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agglomerates away from the surface and into the flowfield. Aluminum combustion continues
as the agglomerate droplets flow in the hot gases above the propellant surface.
Figure 1.2: Schematic diagram of a heterogeneous composite propellant.
Figure 1.3: Aluminum accumulates, often with an ill-defined shape, both on and above
the propellant surface.
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1.5 Implications of Thermochemical Equilibrium
Much of the behavior of Al in the present baseline wide-distribution AP/HTPB-binder/Al
propellant is explainable from thermochemical equilibrium considerations. Mixture fractions
of oxidizer and fuel species generated by decomposition of AP and HTPB, respectively, vary
spatially (2-D laminate and 3-D propellant) and temporally (3-D propellant). Thermo-
chemical equilibrium temperatures for AP and HTPB (holding back Al participation) based
on local mixture fractions at various spatial locations in the gas-phase region give a useful
indication of the flame conditions to which aluminum might be exposed. The reason the lam-
inate system mixture fractions are relatively steady is because it is heterogeneous laterally
(perpendicular to the direction of burning) at the length scale of the fuel-layer thickness but
homogeneous in the stream-wise direction (direction of burning). The bimodal, 3-D compos-
ite (FAP/CAP particulate) propellant is also heterogeneous in the direction of burning at
the length scale of the CAP, and thus its mixture fractions vary spatially in the stream-wise
direction at an instant of time or vary temporally at a fixed point in space.
Figure 1.4 displays the AP/HTPB equilibrium (adiabatic flame) temperature (TAFT) as a
function of AP mass percent at a system pressure of 14.8 atm. The maximum (stoichiometric
composition) temperature is about 2900 K corresponding to 89% AP. This temperature
would apply to AP/binder diffusion flames. At 75% AP the temperature is about 1800 K
and at 58% AP the temperature is just above 1200 K; these correspond to the fine-AP/binder
matrix without Al. Since at these pressures the fine-AP/HTPB matrix burns in an essentially
1-D premixed flame (due to the small size of the AP-see temperature profile schematic in
Figure 1.5), 1800 K is about the temperature achieved (fairly uniformly laterally) within
tens to hundreds of micrometers of the matrix surface, depending on pressure. For pure
AP, the theoretical equilibrium temperature is 1400 K. (As mentioned in section 1.1, in
practice the AP monopropellant flame exhibits a temperature of approximately 1200 K.) In
both the fuel-matrix and AP regions the surface temperature is on the order of 900 K. If
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mixture conditions can support it, the AP/HTPB diffusion flame region (Figure 1.4) would
be located near the interface between the matrix and the pure-AP region. The change in the
slope of the TAFT at about 70% AP can be understood when the chemical species (present at
theoretical equilibrium) below and above 70% AP are considered. Figure 1.6 is a plot of the
TAFT (secondary y-axis) and mole fraction (primary y-axis) of each of the major chemical
species present at equilibrium near this threshold. Associated with the change in the TAFT
are reductions in the mole fraction of H2, CO, C(Gr), and CH4, and increases in H2O, and
CO2. The solid carbon, CO, and hydrogen recombine and (exothermically) produce water
vapor and carbon dioxide. The temperature rise nearly mirrors the increase in H2O.
Figure 1.4: Theoretical (equilibrium) adiabatic flame temperature of AP/HTPB-
binder as a function of mass percent AP at 14.8 atm.
Aluminum behavior can be related to the conditions described above as follows. Alu-
minum melts at approximately 930 K, close to the surface temperature. Thus some melting
of Al on the matrix burning surface can be anticipated. The aluminum oxide shell melts
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Figure 1.5: Schematic diagram of 1-D premixed gas and surface temperature profiles
in 75/25 AP/binder pocket matrix and pure AP.
at about 2320 K. Al ignition generally does not occur until this temperature is reached
and the protective oxide shell melts. According to Figure 1.4, there is a “window” region
of AP/HTPB-binder mixture ratios that have adiabatic flame temperatures greater than
2300 K. It is within this window region, where local gas mixture composition is between
slightly less to slightly greater than the stoichiometric mixture, that ignition of Al can be
expected. Thus, aluminum ignition can occur in regions where an AP/HTPB diffusion flame
or sufficiently near-stoichiometric premixed flame is present.
1.6 Research Objectives
This document presents an experimental study of aluminum behavior in fine-AP/HTPB-
binder propellants using a variety of propellant configurations, including laminates and
non-laminates. One of the primary research objectives of this work is the discovery of a
propellant formulation with significantly reduced overall Al agglomeration as compared with
conventional propellant formulations. Both Al behavior and non-Al propellant-surface/flame
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Figure 1.6: Chemical species mole fraction and TAFT at theoretical equilibrium as a
function of mass percent AP at a pressure of 14.8 atm.
structure are examined, and their crucial interaction is further clarified. A hierarchy of pro-
pellant architectures is used, from relatively “simple” fuel-rich, quasi-homogeneous, 1-D
binder-matrices, to 2-D, quasi-steady AP/HC/Al laminates, to full 3-D, unsteady bimodal
AP/HC/Al composite propellants. The latter confirm the aluminum mechanisms observed
in the 1-D and 2-D systems, including those thought to be most relevant in the new, reduced-
agglomeration formulation.
Without a complete, detailed, and fundamental understanding of the agglomeration pro-
cess and the influence propellant structure and components have on the agglomeration pro-
cess, models that can accurately and reliably predict aluminum agglomeration and behavior
can not be created. The absence of reliable models increases the up-front costs of building
rockets that use aluminum-based propellants and ground-testing them. Much of these up-
front costs would not be necessary if accurate models existed and could replace a lot of the
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testing. Secondly, financial resources are wasted during typical rocket booster use that result
in variations in specific impulse, overall performance, and excess or reduced payload capacity.
Therefore, new experimental data relating to the fundamentals of aluminum agglomeration
and behavior need to be collected.
The composite of the present work furthers the knowledge base from which aluminum
agglomeration and heterogeneous combustion models are designed and validated.
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Chapter 2
Background and Literature Review
Heterogeneous propellant combustion is inherently complex with and without the inclusion
of aluminum in the system. The system is intrinsically three-dimensional and unsteady, con-
sists of numerous complicated combustion processes involving three phases, is described by
complex chemistry wherein the decomposition of each ingredient is still not fully understood
and constituent ingredients have both a random distribution and geometry. Numerous other
variables such as pressure and oxidizer to fuel ratio also contribute to the overall complexity.
In brief, previous studies (some including aluminum, some not) have examined propellants
that included coarse-AP only (monomodal-AP systems) or bimodal-AP systems that were
not wide-distribution AP or where the FAP, if included, was not as small as it is in the present
work. Additionally, the AP/hydrocarbon flames that drive the combustion system have been
studied extensively—both with and without a focus on the constituent ingredients—and are
still not completely understood.
The purpose of this chapter, and this work in general, is to understand the effect that
adding aluminum has on the combustion system; it is not trying to answer unanswered
questions about the AP/hydrocarbon system itself. In that regard, this chapter seeks to
briefly describe, in order of increasing overall system complexity, past research studies both
with and without aluminum that address AP/HTPB-binder propellant systems.
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2.1 Overview
Two things primarily influence aluminum agglomeration and ignition: AP/HTPB-binder
flame conditions and propellant pocket geometry. Historically speaking, the pocket model
developed by Cohen (1983) was at the beginning of the journey to precisely determine what
physical propellant conditions cause aluminum to agglomerate. His model focuses on the
premise that AP particle sizes (and, in a way, packing/loading levels that determine the
propellant geometry) can predict the extent of aluminum agglomeration. Later, the BDP
model (Beckstead 1970) described AP/binder flames and their structures in composite pro-
pellants. (Knowledge of the kinetics and flame structures described in the BDP model is
fundamental to the understanding of the importance of the AP/binder flame as the source
of the temperatures necessary for aluminum to ignite.) It was only after that point that the
eventual connection between the two influencers of aluminum agglomeration—pocket geom-
etry and AP/binder flame—was realized (Price 1983; Sambamurthi 1984); pocket geometry
influences the AP/binder flame structure which is correlated to flame temperature. Each
influence is separated here for easier explanation; however, in reality, they are interrelated
and are both important for a full understanding of aluminum agglomeration and ignition.
2.2 Pocket Geometry
A composite propellant containing a mixture of hydrocarbon polymer binder (fuel), fine AP
(FAP, oxidizer), and aluminum (typically ranging from 16–18% by mass) is packed between
coarse-AP (CAP) particles (e.g., 200 µm) forming a “pocket.” (Shown in Figure 2.1, a pocket
is the region between coarse AP; this region is also referred to as the FAP/fuel-matrix.) The
aluminum pocket geometry effect was addressed in a paper by Cohen (1983) and has been
widely cited. The basic idea of Cohen’s “pocket model” was that the pocket between the AP
particles defines the region that can contribute to the formation of a single Al agglomerate—
in the simplest form—by the amount of Al it contains. His model addresses the fraction of the
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aluminum that agglomerates (by assuming the amount that agglomerates is proportional to
the amount that melts). In knowing the amount of melted aluminum, one can calculate the
total mass—and thus, size—of the agglomerates. (Cohen states that the simplest solution
is the formation of a single agglomerate from the total mass of the melted aluminum in
each pocket, and he indicates that formation of a solitary agglomerate per pocket for every
pocket is probably not true. A single agglomerate per pocket, therefore, is the maximum
agglomerate size that can be formed for a given propellant formulation.) Cohen derived
a model based on conventional multimodal-AP composite propellant that estimates the
fraction of parent aluminum powder that will agglomerate on a composite propellant surface.
This model focuses on pocket conditions including particle size, composition, and effective
volume and describes an “effective pocket” as being the size of the AP particles that “bound”
or form the edges of the pocket. (Cohen refers to pockets as being either “geometric” or
“effective” pockets.)
Figure 2.1: Traditional, idealized representation of a CAP pocket where CAP is ≥
200 µm, FAP is ≥ 30 µm, and Al is ≤ 30 µm.
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In a composite propellant, large AP particles form geometric pockets that contain alu-
minum, binder, and smaller AP particles which themselves form smaller geometric pockets
of aluminum, binder, and AP and so on—each subsequent pocket nested inside the larger
pocket(s). According to Cohen’s work, the fraction of aluminum that melts will coalesce into
an agglomerate proportional to the volume of the “effective” pocket. (Because most com-
posite propellants contain nested pockets of varying sizes—due to the use of bi- or tri-modal
AP—certain other conditions must be met in order to determine which geometric pocket size
(and volume) is used for the agglomerate diameter estimate—a.k.a the “effective pocket.”
Cohen states that the effective pocket is the smallest geometric pocket size in which the
bounding AP is able to both “encapsulate”—separate from outside pockets—and “locally
ignite”—by achieving the aluminum ignition temperature—the aluminum it contains.) The
geometric (and effective) pocket volumes are defined by the size of the AP that bounds the
pocket.
2.3 Flame Structure
An AP/binder flame can be either diffusion or premixed with a theoretical adiabatic flame
temperature in the range of about 1000–3000 K. Each flame type, when considered separately,
can be observed, and its impact on agglomeration and ignition determined. The BDP model
(Beckstead et al. 1970) is the foundational model describing the AP composite propellant
combustion and the basis from which present-day understanding of AP composite flame
structure has been built.
2.3.1 AP/binder Flame Conditions (Monomodal-AP/Binder)
When discussing AP/binder systems, it is easiest to begin with the simplest scenario (monomodal-
AP/binder) and increase in complexity from there. First, however, a basic understand-
ing of the different flame types associated with AP/binder propellants is required. Figure
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2.2 (Price et al. 1986) is a graphical representation of the flame regions that may occur
on AP/binder propellants with different loading and environmental conditions playing a
role in the flame type and location. All three flame types—premixed AP-monopropellant,
AP/binder (AP/HC) premixed flame, AP/HC diffusion flame—are shown above a burning
composite propellant. For the present discussion, the “fuel matrix” represents pure binder
(as opposed to binder loaded with FAP as depicted in Figure 2.2).
Figure 2.2: Pictorial schematic of bimodal-AP composite propellant flame regions.
Adapted from Price et al. (1986).
As one traverses from the middle of the fuel matrix region to the right or to the left,
the gas composition (in terms of AP/HC balance) goes from a low AP/binder (fuel-rich
side) in the premixed flame through a region that increases in AP/HC (the AP/HC mixing
region or fan) until stoichiometric conditions (9/1:AP/HC) are achieved at the location of
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the diffusion flame. Outside (on the CAP side) of the diffusion flame, a fuel-lean mixing
region with increasing AP/HC exists before the premixed AP-monopropellant flame region
(100/0:AP/HC) is reached (assuming conditions are right for an AP-particle to sustain a
monopropellant flame). Leading edge flames (LEF) form at the top of the mixing region (the
base of the diffusion flame). These flames form because reactive species have had enough
time to mix and collide/react. This region is still strongly dependent on reaction kinet-
ics, unlike the rest of the diffusion flame region. The distance, laterally, between the LEF
bases and the distance between these bases and the propellant surface—known as standoff
distance—are dependant on the distance between the two AP particles and the system pres-
sure, respectively. Increasing pressure (leaving the distance between AP constant) decreases
the standoff distance; conversely, leaving pressure the same and reducing the distance be-
tween AP particles (known as reducing the matrix or binder thickness) brings the LEF bases
into closer proximity with each other. If the two bases are close enough to merge together,
they form what is referred to as a merged, or partially-premixed, flame. For a more de-
tailed explanation and analysis of the combustion flame regions and their relationship with
pressure and binder thickness, the reader is referred to Price et al. (1986).
Since AP is energetic enough to burn on its own under the right conditions, its possible
presence and influence must always be considered as part of the AP/binder flame system. At
pressures above approximately 20 atm AP, in bulk form, will self-deflagrate. In particulate
form AP, in a composite propellant, may form a monopropellant flame, depending on pressure
and particle size conditions (more on that below). As a monopropellant, AP has been studied
extensively. The detailed chemistry of the gas-phase flame is still not known precisely, and
the processes occurring in the condensed-phase decomposition zone are particularly complex
and unknown. For more discussion on AP chemistry and combustion see Brill and Bundenz
(2000).
As noted above, AP/binder flame structure depends on AP particle size and pressure.
Figure 2.3 shows the flame regions associated with an AP-based propellant for increasing AP-
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particle diameter (Beckstead 1982). This is a generalized figure—no specific values are given
because they change with pressure. The right side of the figure (large AP sizes) is identified
as the premixed AP-monopropellant flame. This flame occurs when AP burns alone (as it
would if it were a stand-alone monopropellant) or when it is suitably large in an AP/binder
propellant (e.g., AP > 100 µm at 68 atm for a 87% monomodal-AP/HTPB propellant
(Jeppson et al. 1998)). The middle and left-hand side of Figure 2.3 (Beckstead 1982) describe
the two flame types that can exist when AP and binder interact: the premixed flame and the
diffusion flame. (From this point on, when the term “premixed flame” is used, it is referring
to a premixed AP/binder flame; the premixed AP-monopropellant flame will always include
the descriptors “AP” or “monopropellant.”) In the premixed region, the gaseous reactant
species are premixed and reactions are kinetically limited; there is no mixing-rate limitation
on the combustion. In the diffusion flame region, however, combustion is influenced (possibly
limited) by mixing rate; there combustion is dependent on AP particle size and other length
scales of solid reactant particles length-scale dependant. Reaction rates are faster than the
gaseous reactant species are able to diffuse together and intermix. Decreasing AP particle
diameter and/or the system pressure transitions the flame structure from diffusion-limited
to the kinetics (or premixed) limit.
Figure 2.3: AP particle-size dependence of the burning rate and associated combustion
regimes for constant pressure. Adapted from Beckstead (1982).
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Premixed Flame Region
From the foregoing discussion, the parameters that determine flame regime are primarily
pressure and AP particle size. According to Price et al. (1998) the pressure upper-limit for
which a conventional, lower-end size 10-µm FAP-particle will burn in a premixed flame is
46 atm (4.7 MPa) and for 100-µm AP-particle the pressure drops to 2.5 atm (0.25 MPa).
A 2-µm FAP-particle will burn in a premixed flame up to, and possibly above, 100 atm (10
MPa); 2-µm FAP, essentially, will always be associated with a premixed flame for pressures
considered in this work (which are below 45 atm).
The temperatures associated with a premixed AP/HTPB-binder flame vary according
to the propellant composition (the oxidizer to fuel (hydrocarbon, HC) ratio, represented as
AP/HC). As is discussed in section 1.5 and highlighted in Figures 1.4 and 1.5, the AP/HC
ratios associated with the premixed flame occur away from (above/below) the stoichiometric
ratio (about 9/1:AP/binder, by mass). Temperatures can vary up to around 2000 K (at the
monomodal packing limit for 2-µm FAP) in the premixed region. The premixed flame is not
hot enough to allow aluminum to ignite or agglomerate because the aluminum oxide melting
temperature (2320 K) is not achieved. Regardless of whether monomodal-AP or multimodal-
AP is combined with a fuel binder, premixed regions will exist (forming AP/binder ratios
above/below stoichiometric conditions) that have temperatures lower than that needed to
facilitate aluminum agglomeration. Bimodal-AP systems (at least) are needed so as to get the
overall AP/binder ratio near 9/1 in order to achieve peak theoretical propulsion performance
(and ultimately provide temperature regions that are hot enough to ignite aluminum if no
stoichiometric diffusion flames are available to so do).
Diffusion Flame Region
The AP/binder flame system is dominated by the diffusion-limited AP/binder flame for AP
particles sizes in the mid-range according to Figure 2.3 (Beckstead 1982). The temperatures
in the diffusion-flame region are hotter than those in the premixed-flame region due to the
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stoichiometric or near-stoichiometric conditions of the diffusion flames. According to Figure
1.4, near-stoichiometric flame temperatures are in excess of 2300 K and the stoichiometric
flame temperature is just over 2900 K. These temperatures are high enough to melt the
aluminum oxide shell (which melts at 2320 K) and allow aluminum the opportunity to
agglomerate. Ignition of aluminum should occur in the diffusion region—the outer, diffusion
flame—if it has not already done so in a localized, near-surface hot flame region (if loading
and mixing conditions are such that these localized regions can occur).
Condensed-Phase Decomposition of AP/Binder Propellants
In addition to the gas-phase flame structure, there is a condensed-phase decomposition
process that occurs at the surface of the propellant and is also important in determining
the propellant’s overall combustion behavior. Most energetic materials (including AP) and
binders have a thermally activated condensed-phase decomposition process characterized by
a high activation energy. This means that decomposition reactions are confined to a very
thin layer at the surface (approximately an order of magnitude thinner than the heated
layer). It also means the decomposition process is rather temperature sensitive. In fact,
much of the overall temperature sensitivity of the combustion system arises from this step.
In composite systems where two or more ingredients are present with notably different
decomposition activation energies, such as AP and HTPB, disproportionate decomposition
or pyrolysis can happen. That is, one ingredient can decompose faster while the other lags
behind, and vice versa, depending on the heating cycle and surface temperature fluctuations.
This kind of disproportionate decomposition can occur under externally applied unsteady
burning conditions such as chamber pressure—acoustic—oscillations. It can also occur in-
trinsically, as an instability, and possibly give rise to overall system combustion instability.
Such a mechanism has been postulated to correspond to mid-pressure extinction in certain
kinds of propellants, particularly FAP/binder propellants with low FAP/binder ratio, as
discussed further in the next section (2.3.1).
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AP/Binder Flames (Premixed and Diffusion) in Matrixes and Laminates
Preceding sections have described the current understanding of the AP/binder flame system
with one AP-particle length-scale, which can range from premixed for the AP/HC flame to
diffusion with partially premixed LEFs. The present section discusses the combustion behav-
ior of various AP/binder systems that have one ingredient-size length-scale (monomodal-AP
particle size), in light of the foregoing basic AP/binder flame structure theory.
A summary of the flame types and propellant arrangement up to this point is now pre-
sented in order to set the stage for the combustion systems presented in the literature that are
discussed in this, and future, sections. AP/binder flames are present on any size AP/binder
system: a monomodal-AP/binder composite propellant, a multimodal-AP composite propel-
lant, or a simplified version of a composite propellant represented by a laminate structure.
In 2.2, a multimodal-AP composite system is discussed that has multiple sizes of AP parti-
cles. In this study, multimodal-AP composite propellant is considered only in a simplified
configuration: a fuel-rich mixture of fine-AP (FAP) and binder and coarse AP (particles or
laminates). With sufficiently small FAP size and sufficiently low pressure, a premixed-flame
will be created over the fuel-rich FAP/binder region (this FAP/binder region is also referred
to as a matrix). Likewise, large AP-size and/or high pressure creates a diffusion-flame sys-
tem. In such a system there are multiple AP/binder flames due to multiple AP-particle
sizes. To simplify the diffusion flame associated with the CAP, laminate propellants are
created and used. Laminates are 2-D representations of the 3-D composite propellant where
the CAP is represented by a lamina of AP on either side of a binder-fuel layer (or matrix
in more complicated systems). With a laminate, one is able to isolate the CAP/binder or
CAP/fuel-matrix flame and see how adjustments in system parameters affect it.
The isolated, premixed system of FAP/binder has been studied by various investigators
either experimentally or computationally (Chakravarthy et al. 2004; Freeman et al. 1997;
Hickman and Brewster 1996). Hickman and Brewster (1996, 2000) examined the oscillatory
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combustion of FAP/HTPB propellants at low pressures (1–5 atm). They associate the
oscillatory response of the FAP/HTPB matrix to the disproportionate surface pyrolysis of
AP and HTPB and the associated stoichiometric (compositional) variations occurring in the
fuel-rich, premixed gas-phase reaction zone next to the region of solid FAP/HTPB.
Freeman et al. (1997) investigated the burn/no-burn domains of monomodal-AP and
binder (PBAN or HTPB) at varying pressures for a range of AP particle sizes (2, 10, 40,
75, and 200 µm). Although their work included 2-µm AP, the AP/binder ratios tested were
below the present 75/25 ratio, ranging from 60/40 through 70/30. For the wide range of AP
particle sizes studied, the propellants exhibited mid-pressure extinction behavior as the sys-
tem pressure was increased. Additionally, there was only a small pressure window—about
17–25 atm (1.75–2.5 MPa)—and only for the 65/35 ratio in which the 2-µm containing
monomodal-AP/binder propellant burned. In all other test conditions, propellants contain-
ing 2-µm AP did not burn.
Chakravarthy et al. (2004) continued the work of Freeman and examined 65/35 FAP/HTPB
matrix using FAP in one of four sizes—2, 10, 75, and 200 µm—over the pressure range 0–14
MPa. They reported that the matrixes exhibited burn/no-burn behavior that resulted in
mid-pressure extinction. The most unusual behavior was at the smaller FAP sizes where
they focused most of their work. The 2-µm AP matrix burned between 20.4–24 atm (2.07–
2.42 MPa), whereas the 10-µm AP matrix burned between 13.6–34 atm (1.38–3.45 MPa).
They described the burning as sporadic and transitory and without a visible flame except
for occasional microflamelets (caused by binder melt droplets that accumulated on the sur-
face and near the edges of the samples) that were more prevalent on the 10-µm AP matrix.
Chakravarthy et al. attributed the sporadic burning (and quenching) of the matrixes to the
disproportionate pyrolysis of AP and HTPB (surface pyrolysis of AP > surface pyrolysis of
HTPB) which resulted in the unsteady accumulation and subsequent depletion of FAP on
the propellant surface.
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One of the first investigators to make extensive use of two-dimensional laminates or
sandwich propellants was Price et al. (1986) who, early on, concentrated on work with
quenched, non-metallic laminates. They initially focused on the surface regression rate
(burning rate) and burning surface profile of these laminates as a function of pressure and
fuel-layer thickness. Their work has become the foundation for sandwich laminate work
using AP and hydrocarbon binders. Later Parr and Hanson-Parr (1996) used planar laser-
induced fluorescence (PLIF) to measure key species and temperature profiles in the gas-phase
flame region of laminate sandwiches and provided insight about the diffusion flame structure.
Chorpening et al. (2000, 2002) utilized UV imaging to study excited OH (OH*) emission
(310 nm wavelength) from pure binder laminate sandwich flames. This work led to the
development of a plot describing the surface profile and flame-base structure with regards
to pressure and the thickness of the binder layer. Premixed flame regions, known as merged
flame-base regions, were associated with lower pressures and thin binder-layer thicknesses
whereas diffusion flame regions, known as split flame-base regions, were associated with
thicker binder-layers and higher pressures and resulted in protruding fuel layers.
2.3.2 FAP/Binder/Al Propellant Systems
Examinations of the premixed monomodal-FAP/binder/Al composite propellants that in-
cluded micrometer- or nanometer-sized aluminum to investigate the behavior or aluminum
have also been conducted (Jayaraman et al. 2008, 2009). Isolation of the fuel-rich, monomodal-
AP/binder enables one to focus on the behavior of Al in the fuel-matrix without the effects
of coarse AP. Jayaraman et al. (2008) described mid-pressure extinction (roughly between
5–9 MPa) behavior for 65/35, 5-µm FAP/binder matrixes containing 15% by mass 15-µm
Al. Their study also involved non-aluminized matrixes with the same O/F that exhib-
ited mid-pressure extinction between 6–9 MPa, showing that the inclusion of aluminum
decreases the ability to burn at 5 MPa. The complete replacement of the micro-aluminum
with nano-aluminum completely eliminated this mid-pressure extinction. Jayaraman et al.
25
(2009) examined 60/40, 5-µm FAP/binder matrixes containing 15-µm Al or 50-nm Al at
15% loading, by mass. They compared the FAP/binder/Al matrixes with non-aluminized
FAP/binder matrixes that did not burn over the pressure range studied (1–12 MPa). The
matrixes that included aluminum burned across this entire range. The authors state that the
reason the aluminized matrixes burned was due to the premixed flame acting as the source
of ignition of the aluminum particles. However, the flame temperatures associated with this
flame are not hot enough to ignite the aluminum (2.3.1). The authors also suggest that the
ignition of the aluminum is a result of the source of propellant ignition that perpetuates
throughout the sample burn. Therefore, it is unclear if the aluminized matrix propellants
would burn over the pressure range if a different source of ignition—that would not ignite
the aluminum—was to be used.
2.3.3 CAP/FAP/B Propellant Systems
Bimodal-AP/binder systems contain both coarse- and fine-AP. They can be arranged in a
composite mixture (industrial or production propellants) or in a laminate (research propel-
lants) where the outer lamina simulate the CAP and the FAP/binder form a matrix (which
for the present discussion refers to an oxygenated-binder) as the middle fuel layer. As noted
previously, the reason for bimodal (or higher modal) AP particle size distribution is to
achieve AP solids loading near the stoichiometric condition of 9/1:AP/binder. Figure 2.2
is now directly applicable to these propellant formulations except in the case of a thin fuel
matrix region/layer where the two LEF-bases merge to form a partially-premixed, merged
flame instead of a diffusion flame. Conventional bimodal composite formulations have a
CAP/FAP ratio (about 2.3) that can not support a premixed flame in the FAP/fuel-matrix
(Sambamurthi et al. 1984). (FAP size is an important variable; thus, the previous statement
must assume that the FAP ingredient size is small enough that, given the conditions where
it could burn, it would burn. The FAP ingredient size, as discussed in 2.3.1 and Figure 2.3,
along with pressure dictate the type of flame in the matrix region. Therefore, the FAP size
26
and loading found in conventional propellants does not meet the conditions required to burn
in a premixed flame.)
Fitzgerald et al. (Fitzgerald and Brewster 2004, 2008; Fitzgerald 2005) used UV and
IR imaging techniques on fuel-rich, oxygenated binder laminates. Their in-situ work con-
tributed to the knowledge of laminate flame and surface structure by mapping out the flame
regime of 2-µm, 75/25 fine-AP/HTPB CAP-laminates with regards to fuel-layer thickness
and pressure (up to about 55 atm—5.6 MPa). They developed a flame and surface struc-
ture domain map for both pure- and oxygenated-binder laminates. For increasing pressure
and fuel-layer thickness, the CAP/HTPB flame would transition from a merged (partially-
premixed, kinetically-limited) flame to a split (diffusion-limited) flame. Whereas their early
work using UV transmission/emission imaging (Fitzgerald and Brewster 2004; Fitzgerald
2005) suggested that the split-diffusion AP/binder flames were indicative of fuel-layer pro-
trusion, their more recent findings utilizing IR HCl emission imaging (Fitzgerald and Brew-
ster 2008) tend to describe a surface layer that shows little to no protrusion into the gas
phase (Appendix A).
Chakravarthy et al. (2004), performed visible camera studies on 2-µm, 65/35 FAP/HTPB
over pressure ranges (2–5 MPa) similar to Fitzgerald. At a test pressure of 2.07 MPa, thick
fuel-layer laminates (450–600 µm) did not protrude; however, these thick fuel-layer laminates
did appear to protrude at 3.45 MPa. The authors also state that intermittent burning of
the fuel-layer occurred in the laminates at the high end of their test pressures although no
no-burn regions were indicated.
2.3.4 CAP/FAP/B/Al Propellant Systems
Conventional composite propellants consist of a multimodal-AP/binder/aluminum formu-
lation. Experiments on bimodal-AP can take the form of a heterogeneous composite or
a laminate that contains monomodal-(F)AP/binder matrix between two CAP laminas as
described above in section 2.3.3. The study of Al behavior occurs when Al powders are
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intermixed with the oxygenated fuel-matrix region. The work of Sambamurthi et al. (1984)
involved AP/binder/Al propellants with percent mass fractions of 71/11/18, respectively.
The FAP/CAP was primarily 20/80 by mass, CAP was 390 µm, FAP ranged in sizes from
17.5–196 µm, and aluminum diameters of 5, 15, and 30 µm were used. The authors exam-
ined how aluminum accumulation, ignition, and agglomerate diameter are influenced by the
size and loading of the fine-AP particles and system pressure. More details on this work are
given in the next section (2.4).
2.4 Aluminum Agglomeration, Ignition, and Surface
Detachment
Aluminum powders have a relatively low melting point (930 K), which is comparable to
the surface temperatures of burning propellants. Typical binders, such as HTPB, form a
thin melt layer on the burning surface to which the aluminum can cling. As the propellant
surface regresses, the aluminum particles in the binder melt remain unignited and begin to
concentrate on the surface. Although they are able to move around in this thin melt layer,
typically the surface tension of the melt serves to retain the aluminum. As a result, parent
aluminum powder accumulates on the burning surface of the propellant, melts, and coalesces
or agglomerates to form larger particles that eventually separate from the surface.
Past studies have seen a focus on trying to understand the physics behind aluminum
agglomeration, ignition, and detachment from the surface and have shown that typical pro-
pellant formulations result in Al agglomerates that are several hundred micrometers in di-
ameter. A brief, general summary of these processes applied to an AP/hydrocarbon-binder
follows (Price 1984; Price and Sigman 2000; Geisler 2002; Sambamurthi et al. 1984). Pro-
pellant surface temperatures (900–1100 K) are lower than the aluminum oxide melting point
(2320 K) so the aluminum will not ignite while on the surface (unless it grows large enough
to protrude into a sufficiently hot flame in the gas region—see 5.1.2). As the temperature
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rises, the oxide coating begins to degrade or crack allowing the particles on the surface to
coalesce together to form larger clumps or chains of aluminum referred to as accumulates.
At this stage, the accumulates have an ill-defined shape and are typically not spherical. As
conditions and temperatures near the surface continue to change, the accumulates continue
to migrate around the surface, ignite, and/or detach from the surface. High temperature
(> 2300 K) locations in the flame near the surface cause the oxide layer of the protruding
accumulate/aggregate to melt, exposing the aluminum inside to the oxidizing environment.
A rapid series of oxidizing reactions occurs, intense heat is given off, spherical droplets also
known as agglomerates form from the chains of individual particles, and ignition occurs. If
not already separated from the surface, the rapid rise in temperature due to the oxidation
reactions increases the drag forces and propels the agglomerates away from the surface and
into the flowfield. Aluminum combustion continues as the agglomerate droplets flow in the
hot gases above the propellant surface.
Ignition of aluminum agglomerates occurs either on or above the propellant surface.
Flame temperatures (Rosenband and Gany 2001) near the aluminum oxide melting point of
2300 K, are generally required to crack or melt the agglomerate’s protective oxide coating
and induce ignition. The majority of aluminum combustion takes place in the flowfield,
away from the burning surface, with some residual aluminum possibly exiting the system
unburned. Complete aluminum combustion internal to the system is preferred as unburned
aluminum does not contribute to specific impulse and has both thermal and momentum
two-phase flow losses. In this regard, less extensive agglomeration is better for system
performance. Using the D2 (diffusion-limited, combustion) model correlation developed by
Beckstead (2005) from his fit to collected data for a 300-µm Al agglomerate burning at 68
atm (6.9 MPa), the burnout time is approximately 255 ms. (Pressures at this level have
little to no effect on burnout time (Marion et al. 1996).) If the residence time is not longer
than that, as it might not be in a small motor or even in a large motor if the agglomerate
originated at the aft end, a portion of the droplet’s energy release will not be realized by the
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system.
Sambamurthi et al. (1984) conducted experiments on AP/binder/Al propellants in order
to show the effect of FAP size and concentration on aluminum agglomeration and ignition.
Agglomerates were quenched, collected, and sieved into different size ranges. The propellants
contained coarse-AP and fine- and/or intermediate-AP. At test pressures of 13.6 atm (1.38
MPa), bimodal-AP/binder/Al propellants showed a decrease in the size of agglomerates
as FAP size increased from 10 µm up to 82.5 µm, and agglomerates began to increase in
size somewhat with an intermediate “fine-” AP size of 107.5 µm. Agglomerate diameters
in propellants containing 17.5-µm FAP at about 7.5 atm (7.5 MPa) average 200 µm and
decrease in diameter to about 110 µm at 30.5 atm (3.1 MPa). The authors state that at
low pressures, the small FAP-particles result in unfavorable conditions for ignition of Al
and so large agglomerates form. It must be recognized that while this statement may be
true in the low FAP/binder ratios studied there, it might not be true at high FAP/binder
ratios. Sambamurthi et al. state that increasing FAP content of a sufficient size to establish
diffusion/LEFs creates more LEF sources of ignition for Al at the surface, thereby increasing
Al ignition and reducing agglomeration. The authors increased, at different times, the FAP
loading (from 0% by mass) and FAP size and measured the resulting aluminum agglomerate
diameters. Increasing either of these variables resulted in smaller agglomerate diameters;
however, changes in both parameters at the same time reduced the agglomerate size more
than changes to a single parameter. The loading of the smaller (17.5-µm) FAP had to be
increased to 28% before a significant decrease in agglomerate diameter occurred (190 to
150 µm, respectively). The loading of the larger FAP (49-µm and 82.5-µm) needed to be
increased to about 20% and 7% FAP, respectively, to nearly halve the size of the agglomerate
(190-µm to 100-µm and 120-µm, respectively). To qualitatively summarize: coarse- and fine-
AP produces “large” agglomerates whereas coarse- and intermediate “fine-” AP produces
“small” agglomerates. The former make large areas of FAP and Al where the FAP is too
small for the establishment of local diffusion flamelets and Al ignition. In the latter, the
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“fine” AP is coarse enough to provide adequate dispersal of Al and provide local diffusion
flamelets that ignite Al. The parameter space that has not been explored in these previous
studies is high FAP/binder ratios, low CAP/FAP ratios, and very small (e.g., 2-µm) FAP.
2.5 Burning Rate
Several decades ago, it was widely believed that the burning rate of the propellant was
not largely influenced by the combustion of the aluminum. The standard explanation was
that the heat released due to Al2O3 formation occurs far from the surface of the propellant,
and, therefore, it had a near-negligible influence on the surface temperature or burn rate
(Price 1984; Price and Sigman 2000). At that time, parent aluminum powder diameters
were of the order of tens of micrometers. However, more recent investigation into composite
propellant burning rates containing smaller diameter Al powders (hundreds to thousands
of nanometers in diameter, also known as ultra-fine Al) shows a moderate increase in the
burning rate (Dokhan et al. 2001; Jayaraman et al. 2008). However, the observed increase
in burning rate was relatively modest and not nearly as large as was anticipated. Similarly
the degree of agglomeration was more than expected. The full potential benefits of nano-
Al have yet to be realized. Nano-aluminum is in a unique category and is not addressed
in this research. Work performed on bimodal-AP/HTPB composite propellants with 13-
µm aluminum suggested smaller agglomerates (or smaller particles, in general) were more
conducive to enhanced burn rate (Brewster and Hardt 1991). Pressure, AP- and Al-loading,
curative, and fuel type all affect the burning rate of the propellant, as well.
It is generally believed that Al introduces compensating effects on burning rate. Alu-
minum is inert in the solid phase and at the surface it acts as a heat sink, taking heat
feedback from the gas phase that could otherwise have gone to accelerating the AP/binder
decomposition. This is a negative effect on burning rate. On the other hand, Al raises the
overall thermal conductivity of the propellant, facilitating heat conduction into the solid.
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This is generally a positive effect on burning rate (like raising the initial propellant temper-
ature). Though Al does not burn close enough to the propellant surface to augment burning
by conductive heat feedback, it can radiate significant thermal energy to the burning sur-
face if it ignites, even several millimeters to centimeters away from the surface. This effect
is stronger at lower pressures where the conductive heat feedback is smaller. In general,
aluminum’s effect on burning rate is complicated and depends on the specific propellant
formulation and combustion conditions.
2.6 Need for Present Work
Mathematical or computational models presently available still can not accurately predict,
from first principles, aluminum agglomeration and agglomeration behavior. Yet, without
fundamental understanding of all areas of combusting propellant behavior on a microscopic
level, no computer code will be able to simulate accurate and validated heterogeneous pro-
pellant combustion. More experimental data under more controlled propellant conditions
are required. The strategy employed here is to isolate and/or simplify the various flame
zones in the overall complex system. There are basically two AP-HC flame zones that need
to be isolated: (a) the outer, canopy flame between coarse AP (particles or lamina) and the
fuel-rich, pocket matrix, and (b) the inner flame between the 2-µm fine-AP and the binder.
The former can be either split (diffusion) or merged (partially-premixed), while the latter
is always premixed at the pressures studied here. The outer CAP/fuel flame is isolated and
studied by making 2-D laminate propellants. This changes the intrinsically 3-D, unsteady
flames of particulate, composite propellants into 2-D, quasi-steady flames in laminates by
replacing coarse-AP particles with AP laminates. The fuel (e.g., HTPB or a mixture of fine-
AP and HTPB) is placed between layers of AP to form a laminate sandwich. In laminates,
the flowfield (minus aluminum) is closer to being steady than in particulate propellants, and
the outer diffusion flames are also steadier with a well-characterized 2-D geometry.
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Although not the primary objective of this work, data such as that gained in the present
study can be used to create and improve models such as the those used by Massa and
Jackson (Massa and Jackson 2008) to computationally investigate the deflagration of AP-
composite propellants containing aluminum and Srinivas et al. (2007) who focuses more on
the agglomeration process. Srinivas et al. created a computer model that simulates the
process of aluminum particle agglomeration on the surface of an AP composite propellant.
Close attention is paid to the relationship between the increase in pressure and the decrease
in agglomerate size and the attachment of leading-edge flamelets on FAP particles.
33
Chapter 3
Experimental Approach
The overall approach taken for this work is to vary the composition and geometrical/dimensional
complexity of the propellant in order to isolate and study various features of the system..
Beginning with the 3-D baseline bimodal-AP composite propellant (fine- and coarse-AP par-
ticles), the system complexity is decreased (in order to better isolate system behavior) to
a 2-D “bimodal”-AP laminate (fine-AP particles and “coarse”-AP slabs) and, finally, to a
1-D quasi-homogeneous monomodal-AP pocket matrix. Composition variables such as the
relative amounts, and in some cases the particle size, of aluminum, oxidizer, and fuel in
the propellant are varied in order to study changes in the system including the aluminum
agglomeration, ignition, and combustion behavior. The use of high speed video imaging of
the burning surface allows for in-situ observations of aluminum behavior (extent of agglom-
eration, location of ignition, etc.) without altering the combustion environment.
3.1 Combustion Chamber
Experiments are conducted in a pressurized combustion window bomb with nitrogen gas
purge. The chamber, first used by Chorpening et al. (2000), was cleared for operation at
system pressures up to 1000 psig (∼ 7 MPa) after it had been hydrostatically tested and a
stress analysis had been performed. (Actual experimental pressures do not exceed 600 psig
(∼ 4 MPa).) Observation windows made of fused silica (a.k.a. quartz) are evenly spaced
around the circumference of the chamber at 90◦intervals. These windows allow for external
observation of experiments without altering the combustion environment. The top of the
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chamber houses the laser ignition port. A CO2 laser (10,600 nm wavelength), with a spot
size (diameter) of about 1 cm and a profile that follows a Gaussian distribution, emits a
radiant flux (typically 100 W/cm2) that is used to ignite the samples from above. The laser
beam is transmitted (from above) through a series of two windows: a less expensive, thin
KBr window is exposed to the inside of the chamber and is subjected to the combustion
environment, and a more expensive ZnSe window is used to seal the system and maintain
pressure.
The combustion chamber has inlet and exhaust lines so the purge gas can continuously
flow through the system. The exhaust line taps into the chamber near its top and connects
into the building exhaust vent. The inlet line carries the nitrogen gas, inert at experimen-
tal temperatures, used to pressurize the system. The nitrogen enters the chamber at the
base and goes through a diffuser grid so that pressurization of the chamber occurs nearly
uniformly. System pressure, measured by a Sensotec transducer and displayed on a digital
readout, is controlled by adjusting the flow rate of the nitrogen. The gas flow rate is man-
ually controlled by a flow valve in the exhaust line downstream from the chamber and is
also sensitive to the upstream pressure in the nitrogen supply bottle. The nitrogen gas also
serves as a purge gas to remove combustion byproducts from the chamber and preventing
an obscured view of the sample as it burns. The bottom of the chamber, including the
nitrogen inlet and supply line, unscrews and can be removed from the system. In doing so,
the sample (which is affixed to the top of a set screw) can be easily mounted and the base
can be rejoined to the chamber. This setup also allows for easy adjustment of the sample
orientation when aligning the camera with the sample without having to disassemble the
entire chamber.
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3.2 High Speed Imaging Set-up
The imaging set-up is shown in Figure 3.1, and a close-up of the combustion chamber,
including a sample, are pictured in Figure 3.2. A diagram of the experimental arrangement is
illustrated in Figure 3.3. A Phantom V7.0 camera is used to capture images for experiments.
System magnification is achieved by using a system of Nikon extension bellows to separate
the camera from the UV/Vis-Nikkor 105 mm (e.f.l.) lens. Outside lighting is useful on
experiments with longer exposure times (>∼ 80 µs). A NorthStar 250-watt tungsten halogen
lamp provides direct illumination, replacing the previous techniques of backlighting and
frontal illumination via light reflecting off a mirror used in initial experiments (Appendix B)
(Mullen and Brewster Jan. 2006; Mullen and Brewster July 2006). (External illumination
is necessary during testing conditions wherein Al does not ignite and, thus, there is no
internal source of illumination. There must be a source of illumination—whether internal or
external—in order to be able to see the propellant surface and its features.)
Figure 3.1: Photograph of the combustion chamber and imaging apparatus.
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Figure 3.2: A close-up photograph of the combustion chamber including a sample
laminate propellant.
Figure 3.3: Diagram of the experimental setup.
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3.2.1 Phantom Camera
A Phantom V7.0 digital high speed, 12 bit, monochrome CMOS camera, manufactured by
Vision Research, is connected to a computer that is used to (manually) trigger the camera
to record images. In preview mode, the camera continuously updates the image displayed
on the computer monitor for real-time focusing, alignment, and other set-up needs. The
Phantom camera has a feature that allows it to continuously capture images—including
those prior-to and after issuing a trigger command. The continuous capture feature enables
the user to set a “post-trigger” time. (This feature was beneficial for the present high-speed
recordings that last only fractions of a second and could otherwise have been missed if the
user had slow reaction (trigger) times.) Once the trigger command is given, the camera
stores both the pre-trigger and post-trigger images. The system is manually triggered when
a visible flame is observed on the sample (typically in “slow” burning systems or at lower
pressures) or when laser flux is initiated (typically in “fast” burning systems or at higher
pressures).
Image resolution is variable up to the full-frame 800 x 600 pixels (17.6 mm x 13.2 mm)
and is dependent on the sampling frame rate. The camera is equipped with a standard
1024 MB integral storage memory (1,400 full resolution images at 4,800 frames per second
for 0.3 seconds of continuous recording), and image resolution can be decreased so that
the storage space can be used for longer record times and faster frame rates. Typically for
these experiments, image resolution is reduced from maximum, and tests are captured at
rates up to 10,000 frames per second with exposure times of 2 µs or longer. (The actual
settings—resultion, frame rate, and exposure time—for each test are detailed in Appendix
D. Motion blurring could occur when exposure times are slower than the time-scales of
the flow—see 3.5.3 near the end of this chapter.) The camera sensor records images at a
16-bit depth (normal jpeg images are 8-bit depth). During image processing, the bit depth
sensitivity makes it possible to further adjust the lighter and darker parts of the image
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beyond the standard brightness, contrast, and gamma controls. This feature is very helpful
for improving the image quality of the lower light recordings. The trade off is that surface
features are made more visible while the brighter portions of the image (e.g., combusting
aluminum in the gas flow above the surface) tend towards pixel saturation.
3.2.2 Optical Parameters (Experimental Spatial Dispersion,
Depth of Field, and Overall Magnification)
The configuration of the camera and bellows system allows for user-controlled overall mag-
nification, depth of field, and spatial dispersion. For each adjustment in the bellows/lens
system, a reference image is recorded. A quick-reading precision rule with 1/2 mm divisions
(early experiments utilized the distance between threads of an optical stand) is imaged un-
der an optical microscope to determine the spacing between divisions to ± 0.36 µm. This
reference is then imaged using the camera in order to obtain the spatial dispersion for that
optical arrangement. Spatial dispersions as high as 3 µm per pixel are obtained. Each pixel
on the camera’s sensor is 22 µm x 22 µm resulting in an overall experimental magnification
as high as 7.3 times normal. (Scaling values for each test are provided in the comprehensive
data matrix in Appendix D.) The aperture setting on the lens results in a trade off between
the depth of field (the portion of the view depth that is in focus) and adequate reduction of
light so as to not saturate the images. For these experiments, the aperture setting on the
lens is minimized and an additional pinhole aperture (a lens-cap with a pinhole) is further
utilized to reduce light transmission. The resulting depth of field (also dependent on overall
system magnification) is roughly a few mm or less.
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3.3 Propellant Composition and Construction
3.3.1 Baseline Propellant Composition
Figure 3.4 shows a schematic representation of the various propellant structures used in this
study. Figure 3.5 is a photograph of the three propellant structures examined. The base-
line formulation (Figure 3.4a and Figure 3.5c) is a wide-distribution 70% bimodal AP, 16%
aluminum, 14% HTPB-binder propellant, by mass (Table 3.1). In this wide-distribution
propellant, the 2-µm fine-AP (FAP) loading is near its monomodal-loading limit of 44% and
the coarse AP (CAP) is 26%. The pocket matrix (excluding the CAP) mass loadings are
31% Al, 52% fine AP, and 17% binder (Table 3.2). (The “pocket” is the region located
between coarse AP particles. The pocket region of aluminized, oxygenated binder between
CAP particles or laminates will also be referred to as the aluminum, aluminized, or pocket
matrix.) The baseline pocket matrix has a FAP/HTPB-binder ratio of 75/25. (Note that
the loading values described above are rounded values from Table 3.1. As stated above for
the baseline formulation, FAP/HTPB-binder:44/14—uncured value—and for the baseline
pocket matrix FAP/HTPB-binder:75/25—cured value. The reason these two values are not
equivalent is because the baseline formulation was designed to give an uncured FAP/binder
ratio of 76/24—near the monomodal-AP loading limit for the binder. However, as explained
in section 3.3.4, the inclusion of the curative—including a little extra due to the high solids
loading-brings the cured FAP/binder ratio down to about 75.5/24.5 which is rounded off to
75/25.) This formulation (Figure 3.5a) allows for the investigation of the behavior of alu-
minum in the 1-D oxyfuel-matrix premixed flame region, excluding the influence of coarse-AP
flame contributions. In order to include these coarse-AP flame contributions on aluminum
behavior, CAP is added in the form of planar slabs (instead of individual particles) to the
outside of the pocket matrix forming a 2-D laminate system (Figure 3.4b and Figure 3.5b).
This combined approach allows for the integrated study of aluminum ignition and agglom-
erate behavior on the surface in relation to the complex AP/HTPB-binder flame structures
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by selectively including or excluding different parts of the AP/binder flame structure.
Figure 3.4: Schematic representation of propellant structures: (a) full 3-D composite
propellant with wide-distribution, bimodal AP (dCAP  dFAP), (b) 2-D laminate with
CAP particles replaced by AP slabs (dCAP → infinity). In both (a) and (b) the
“pocket” region between CAP represents the 1-D, premixed case of FAP/binder/Al
fuel-matrix.
Figure 3.5: Three mounted sample types: (a) baseline matrix, (b) baseline laminate
with a 0.6 mm fuel-layer thickness, (c) Baseline-2, bimodal-AP composite.
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Table 3.1: Baseline aluminized, bimodal-AP composite.
Table 3.2: Baseline aluminized matrix.
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3.3.2 Propellant Composition Variations
The propellant composition is varied from the baseline formulation conditions in order to
examine the effects of fuel-layer loading, aluminum loading, aluminum particle size, and
coarse-AP size on the overall features of the combusting propellant in comparison to the
baseline formulation propellant.
Table 3.3 lists the uncured components, percentage (by mass) of the constituent parts,
and the dimensional complexity of the propellant type of the baseline formulation and each
variation that is examined in this work. (When the term “baseline” is used, it is referring
to the overall ingredient composition percentages described in Table 3.1 that is used in both
Baseline-1 and Baseline-2 regardless of CAP size.) Variations 1–4 are discussed in the body
of this document, whereas Variations 5–6 are discussed in Appendix C and A, respectively.
Variations 1–3 examine the matrix and laminate forms of the propellants, and Variation 4 is a
bimodal composite. In all propellants the (uncured) FAP/HTPB-binder mass ratio is 76/24,
save for Variation-1 where extra HTPB is added and results in a ratio of 60/40. For the
Baseline Formulation (includes Baseline-1 and Baseline-2) and Variation 4, the description
is split into two lines so reference information on the breakdown of the pocket matrix is
easily available for Variation-to-Baseline comparisons. More detailed information about the
uncured/cured breakdown of the constituent ingredients can be found in Table 3.1 (Baseline
bimodal-AP composite), Table 3.2 (Baseline matrix), and Table 3.4 (Variation-1). Unless
specified, all AP/HTPB-binder ratios listed in the text for presently-examined material are
as-cured ratios that include IPDI, the curative.
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Table 3.3: Propellant formulations examined during this work. Percentages listed
are for uncured propellant ratios. When no CAP is listed, percentages are based on
pocket matrix only.
Table 3.4: Variation-1 ingredient breakdown.
3.3.3 Laminate Propellant Overventilation
In these experiments, laminate propellants of all compositions and loadings are considered
fuel-lean. FAP/HTPB loadings of 76/24 or 60/40, by mass, are below the AP/HTPB sto-
ichiometric mass fraction of 9:1. However, the addition of the coarse-AP laminates creates
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an environment that is overventilated on the whole because these laminates provide more
oxidizer than is necessary for stoichiometric combustion. In these laminate propellants, two
regions exist separated by a stoichiometric region/flame (see section 2.3.1 and Figure 2.2
for a pictorial discussion of the flame regions): an overventilated—in the Burke-Schumann
sense—area (outside or fuel-lean region) and an underventilated area (inside or fuel-rich
region). The outer region is the AP-side of the stoichiometric flame, and the inner region
is the fuel-matrix layer between the coarse-AP laminates. Fitzgerald and Brewster (2004)
experimentally and numerically showed that the fuel layer surface and inner-interfaces were
unaffected by the outer, overventilated regions. Therefore, the fact that the AP laminates
cause the system (the outer regions) to be over-ventilated does not affect the temperature,
conditions, or behavior of the fuel-layer region.
3.3.4 Propellant Construction
Pocket Matrix
The aluminized matrix used for both the monomodal-AP pocket matrix experiments and as
the fuel layer in the laminates is created by mixing the uncured HTPB (R45M) prepolymer
binder (with DOA, ODI, and Tepanol included) with the curing agent, isophorone diisocy-
nate (IPDI). An appropriate amount of IPDI is required (7.7% of the mass of the R45M
prepolymer binder) in order to properly cross-link the polymer. (When the pre-specified
amount of IPDI necessary to cure the R45M is used, the propellant in this work does not
fully cure; thus the amount of IPDI utilized is slightly increased to about 9% of the mass of
R45M, which is about 7.7% of the HTPB-binder mass. This increase is necessary due to the
fact that in the present propellant formulations, there are higher solids loading than when
using the binder alone. This higher loading leads to a larger surface area of solids that must
be wetted and, thus, a need for “extra” IPDI curative to fully cross-link the HTPB binder.)
The uncured HTPB binder is preloaded (near the monomodal-AP limit for solids loading)
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with 76% by mass, 2-µm fine AP (FAP). With IPDI the fine-AP loading is 74.5%. Table
3.5 lists both the uncured and cured compositions breakdown. For Variation-1 (a more fuel
rich mixture), additional R45M is mixed in and, including IPDI, gives a fine-AP to binder
loading of 58 to 42. Next, Valimet aluminum powder (H-15), nominally 15 µm in diameter,
is added and the composite is thoroughly mixed. The aluminized polymer matrix is placed
under a vacuum (50.8–67.7 kPa) for a minimum of one hour in order to minimize porosity
and remove air bubbles.
Table 3.5: Composition of non-aluminized binder matrix.
The degassed matrix, if not mixed in a disposable plastic dixie cup, is then transferred
into molds for curing. Molds are created using 1/4′′− 1/2′′ lengths of a plastic straw. These
straw segments are affixed to the sticky side of adhesive tape that is wrapped around a thin,
plastic support piece. The matrix-filled assemblages are placed on a metal base plate and
then inserted in the center of an oven at 338 K for seven days in order to cure the polymer.
Once cured, the propellant is rubberlike and no longer viscous.
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Bimodal-AP Composite
A similar procedure is followed to manufacture the baseline wide-distribution, bimodal-AP
composite propellants. However, the composite propellants are mixed and cured in plastic
dixie cups (that sit on the metal base plate) which also serve as easily removable molds
once the curing process is completed. Two mixtures are created as Baseline Formulation
propellants, each with a different CAP size. The first mixture (Baseline-1) contains 200-µm
coarse AP whereas the second contains 400-µm coarse AP (Baseline-2). All other components
in the two mixtures are equivalent.
Coarse-AP Laminae
The aluminized laminate propellants (Figure 3.5b) are manufactured according to the sand-
wich construction method described by Price et al. (1986). Using a mechanical press at a
pressure of 170 MPa for a minimum of 30 minutes, the outer oxidizer layers are pressed into
25.4 mm discs from powdered 200-µm coarse AP (CAP).
Laminate Construction
Once the degassing stage of the inner fuel-layer (the aluminized matrix) is completed and
prior to curing the polymer, the laminate is constructed by depositing the aluminized matrix
between the coarse-AP discs. This is done, first, by placing a coarse-AP disc onto the
adhesive side of sticky tape that is wrapped around a plastic base (the same as that used
for preparing the matrix and bimodal composite). Fuel-layer thickness is controlled using
three spacers that are made from layers of polystyrene film and adhesive tape, cut to a small
size (about 2 mm by 2 mm by desired thickness), and placed in a triangular pattern around
the top periphery of the AP disc. The uncured, viscous, aluminized matrix is deposited on
the surface of the AP disc, carefully, so as to not come into contact with the spacers. A
second, pressed-AP disc is layered on top to form the disc laminate “sandwich”. A small
weight is placed on top to compress the laminate and to ensure good contact between the
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spacers and the AP discs. Each assembly is positioned on a metal base plate and cured as
previously described. Laminates with varying fuel-layer compositions (described previously)
and thicknesses between 0.05 mm and 1.25 mm are constructed resulting in total sample
thicknesses ranging from about 1 mm to 3 mm.
Sample Preparation
After the curing process is completed, the propellant is cut to size (approximately 3 mm in
depth and 4.5 mm in height, see Figure 3.5). For matrix and composite samples, a razor
blade is used to trim off the top, bottom, and edges of the cured propellant that are then
discarded. (Only interior portions of the cured propellant are used as samples in order to
ensure that no contaminants from the surface or container are introduced.) The width, or
thickness, of both the matrix and composite samples varies from about 1 mm to 3 mm.
For laminate samples, first, a fine-tooth razor saw is used to cut the disc-shaped laminates
into strips. A razor blade, in a single downward motion, is used to cut the strips into the
appropriate sample size. The as-cut surfaces are then sanded flat, and strips of adhesive
are used to removed surface contaminates or ground particles of oxidizer. The samples are
then affixed to the tops of set screws using 5-minute epoxy. A jig is used to ensure proper
alignment of the sample on the screw head. The sides of the matrix parallel to the line of
sight of the camera (where the coarse-AP slabs would be if the propellants are in laminate
form) are coated with epoxy or petroleum jelly to inhibit them from burning. An inhibitor
is also placed on the outer surface of the composite propellant samples. The screw, with the
sample on top, is then mounted in the base of the chamber and is ready for testing.
Test samples have a footprint smaller than the 1 cm diameter of the laser. This allows
for “uniform” ignition of the propellant because the laser diameter is larger than the sample
size (the entire sample is encompassed by the laser beam).
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3.4 Testing Procedure
Samples are burned in a fixed position, ignited on top by a laser, and burn downward in
the pressurized combustion chamber. Each sample is affixed with epoxy to the head of a
set screw. Prior to an experiment, the screw is mounted inside a windowed combustion
chamber. The Phantom camera is turned on, the alignment and focus are adjusted, and an
appropriate image resolution/size is selected. An image of the unburned sample is captured
prior to ignition. This is to ensure proper sample orientation and serves as a post-experiment
reference such as for fuel layer position in laminate propellants. Next, the desired frame rate
and exposure time for recording are selected, the nitrogen line is opened and the desired
pressure is set, and the external light source is turned on. Combustion is initiated on the
top surface of the sample via a CO2 laser, and camera recording is triggered. As soon as
ignition of the propellant is observed, laser flux is removed in order to allow self-sustained
deflagration in the sample.
Matrix (1-D) samples of the baseline formulation are burned in the pressure range from
4 to 21 atm. Because of their composition (fuel-rich with very-fine AP) these materials are
near a flammability boundary where they may or may not sustain self-deflagration. They
therefore require a few seconds of initial preheating via the laser (∼ 100 W/cm2). Laminate
experiments are performed with desired test conditions at pressures typically 1–40 atm, and
bimodal composite experiments are burned mainly near atmospheric conditions up through
about 20 atm.
3.5 Experimental Observations
System test conditions are selected and experimental observations are made in order to
perform qualitative data collection. The position and field of view of the camera are chosen
so that the images being recorded represent steady burning conditions. The recorded images
are sufficiently downstream of the initial unburned surface to allow adequate time for steady
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burning conditions to develop on the surface. Additionally, the emphasis of this work is on
imaging aluminum behavior on the surface, not imaging its burning characteristics in the
gas farther downstream. Imaging conditions, for the most part, were selected in order to
optimize viewing conditions on the surface. In the majority of cases, this involved aluminum
that had not ignited and was therefore darker. Long exposure times allow for enough light
transmission to see surface features, although burning aluminum—at these exposure times—
produces immense light that can overwhelm the camera array and result in saturated pixels
(white, indistinguishable spots) and/or result in motion blurring. This section discusses each
of these points in greater detail.
3.5.1 Burning Rate
The measured burning rate is the average of the vertical rate of regression of the burning sur-
face. Any lateral position on the burning surface is suitable for measuring the regression rate
because steady burning conditions—and surface profiles—have been given adequate time to
develop. The burning rate is calculated by averaging the pixel distance the surface regresses
over the time elapsed between the initial frame and the final frame. More specifically, ini-
tial and final pixel locations (same x -coordinate, different y-coordinate) are recorded, and a
built-in feature of the camera software—which allows the user to define a specific frame to
set as the “zero” time—directly measures the elapsed time between initial and final frames.
The pre-recorded scale or reference image is used to correlate a set distance to a certain
number of pixels—the spatial dispersion. The burn rate velocity is determined by taking
the distance the surface traveled and dividing by the elapsed time.
3.5.2 Determination of Aluminum Ignition
During video analysis, the determination of whether or not an aluminum particle is com-
busting (and, thus, has ignited) is made based on the visual observation of the pixel intensity
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of combusting aluminum compared to that of a unignited particle or droplet. The onset of
aluminum ignition appears in the videos (when in focus) as a rapid change in the pixel in-
tensity over a small time period (a few microseconds). Indicated in Figure 3.6 are aluminum
droplets in various stages of the ignition cycle; these are useful illustrations of the variance
in pixel intensity (for a given set of imaging parameters). In most cases, the pixel sensitivity
has been adjusted to maximize the ability to clearly see and distinguish surface features.
Because most of the aluminum on or just above the surface is not yet ignited (and has cooler
temperatures), it appears darker (a light gray color in Figure 3.6); a burning aluminum
droplet, and, typically, the oxide smoke cloud that surrounds it, have such high luminous
intensity (due to their high temperatures) that they are lighter in color and often tend to
saturate the pixels and appear white. Figure 3.6 illustrates conditions where aluminum com-
bustion results in both saturated and unsaturated pixels. The burning aluminum droplets
associated with pixel saturation are noticeably whiter than those of the unsaturated burn-
ing aluminum. When pixel saturation occurs, the ability to visually distinguish anything
about the droplet other than the fact that it is ignited, such as droplet diameter, oxide cloud
presence, solid oxide lobe location, etc., is impossible.
3.5.3 Experimental Uncertainty
Aluminum Size Overestimation
Due to imaging constraints, there is a possibility of aluminum particle or agglomerate size
overestimation. This overestimation could occur if the droplets are out of focus or are
saturated. An out of focus droplet, ignited or not, appears blurry, and explicit determination
of its outer boundaries is unfeasible (see section Focus and Depth of Field below for more
information on droplet focus). Likewise, when saturated, it is nearly impossible to distinguish
between the aluminum droplet and the surrounding aluminum oxide smoke (see section 3.5.2
for more information on pixel saturation). Figure 3.7 shows a series of images in which a
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Figure 3.6: An image of a baseline laminate (at 21.9 atm with a fuel-layer thickness of
830 µm) shows the difference in pixel intensity between unignited (dark) and ignited
(light) droplets. Vigorously burning droplets with bright, detached diffusion-flame
envelopes tend to saturate the detector array.
single, burning droplet of aluminum goes from in-focus to out-of-focus and, at times, is
saturated in order to demonstrate how the droplet diameter could be overestimated. In
image (a), the aluminum droplet is in focus and is surrounded by the aluminum oxide smoke
cloud. The lower half of the droplet is saturated-most likely, this is the solid aluminum
oxide cap. The diameter of the droplet (measured just above the oxide cap) is about 90 µm,
whereas the diameter of the oxide smoke cloud is 175 µm. In (b), the droplet is questionably
in focus, however the diameter can still be measured relatively accurately at about 90 µm.
(The aluminum droplet is free to rotate 360◦; the oxide cap has rotated away from the
camera.) The oxide smoke cloud has become out of focus and the perceived cloud diameter
is 188 µm. The lack of focus in (c) and (d) make it increasingly difficult to measure the
droplet itself and not include the oxide cloud. In (c) there are three “circles” of intensifying
brightness including the saturate spot, which is most likely all or part of the oxide cap
rotated to the front, with diameters of 87 µm, 110 µm, and 288 µm, respectively. Lastly, in
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(d) only one “halo” of light, with a diameter of 270 µm, is seen. A small, saturated portion
of this halo is visible. Clearly, focus and non-saturation are vital for distinguishing accurate
aluminum particle diameters.
Figure 3.7: Series of images showing a single, burning, aluminum agglomerate and
how focus and pixel saturation can change perceived Al droplet (or agglomerate) size.
(a) Aluminum droplet (d = 90 µm) is in focus and is surrounded by the Al2O3 smoke
cloud (d = 175 µm). (b) The droplet is questionably in focus (d = 90 µm); whereas
the oxide cloud is out of focus (d = 188 µm). The droplets and oxide cloud in (c) and
(d) are out of focus, and it is difficult, if not impossible, to distinguish between the
droplet and the oxide cloud. Additionally, portions of the droplet/cloud are saturated
which also impedes accurate measurement.
Uncertainty in Measured Values
Inherent in any measured value is a level of uncertainty. Estimates and/or descriptions are
provided below for the level of error/uncertainty for each of the measurements performed in
this work.
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• Initial Al/AP ingredient diameters are normalized values. The as-received ingredients
are used as provided by the manufacturers. Stated sizes are nominal diameters; these
nominal diameters, for the largely qualitative nature of this work, are assumed to be
working diameters.
• Time steps based on the frame rate have an uncertainty that is ± 1/2 the time step.
The frame rate is adjusted on a test-by-test basis. However, in most, if not all, cases
the frame rate is high enough that contributions from this uncertainty are negligible
to the system.
• The measured pressure uncertainty is ± 0.05 psi (± 345 Pa). There is a minimal
amount (< 1 psi, 6.9 kPa) of “drift” in pressure over the duration of each experiment.
• The method of determining length scales (of samples) is through the use of an optical
microscope. (The term “length scales” refers to the physical size of the samples such
as width, depth, height, and fuel-layer thickness.) Dimensions larger than about 1000
µm must be measured on the low magnification setting and have an uncertainty of ±
32 µm; the high magnification uncertainty is ± 5 µm.
• The magnified pixel spatial dispersion is determined by dividing the camera array pixel
size (manufacturer specified, 22-µm square) from the user-measured reference length
scale. Two methods for determining reference length scales were used. Early work
used the thread tip-to-tip span on an optical stand as the reference scale. The optical
stand thread span was measured using the optical microscope (low magnification) and
then imaged with the camera. Later work used a high-precision, direct-read ruler with
a scale markings every 0.5 mm that was imaged by the camera.
• There is an uncertainty in the determination of the edge of a shape (surface, aluminum
particle, etc.). An explanation is provided based on determining the edges (and there-
fore the diameter) of an aluminum particle. Assuming a spatial dispersion of 3 µm per
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pixel, a 15-µm diameter aluminum particle should be represented by 5 pixels; however,
the particle could be in portions of six pixels—the most likely scenario—and therefore
would be measured as an 18-µm aluminum particle. For tests with a spatial dispersion
of 4 µm per pixel, a 15-µm aluminum particle represented by six pixels would appear
to be about 20 µm in diameter.
• The error in the burning rate (mean or average burning rate) is the uncertainty in the
measured burning rate which is due to uncertainties in the values of the starting and
ending positions of the regressing surface and the elapsed time (based on the frame
rate). The overall uncertainty is the root mean square of the individual, contributing
uncertainties. A worst-case burn rate uncertainty is calculated from the following
individual values (or estimates): surface position uncertainty of 32 µm, time step
uncertainty of 1000 µs, elapsed time of 2000 ms, and change in surface location of
2500 µm). The time step uncertainty becomes negligible (as mentioned previously),
and the worst-case burn rate uncertainty is ± 0.02 mm/s. Error bars to represent this
worst-case uncertainty value would be smaller than the plotting symbols. Therefore,
the measurement uncertainty error bars will not be included in the graphs.
Focus and Depth of Field
As mentioned in section 3.2.2, due to the limited imaging parameters, the system has a
small depth of field. The near end of the depth of field was set to the front plane of
the propellant sample being examined. These samples had a depth far greater than what
was in focus. Due to the unrestricted movement of the gas stream (and any solids that
happened to be in it such as aluminum droplets), there could be movement in any direction
(front/back, laterally, up/down—down if the solid particle was heavy enough to overcome
the gas flow). The camera focus would go in and out if the sample swayed in the pressure
stream (even a fraction of a mm) or if regions of hot gas distorted the view. Similarly,
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aluminum particles, both on the surface and in the gas stream, could move in and out of the
in-focus region (see section Aluminum Size Overestimation for how this relates to aluminum
diameter overestimation).
Motion Blurring
The use of exposure times that are longer than the time-scale of the flow can cause motion
blurring to occur (e.g., the burning aluminum particles appear as a line or streak instead of
a circle). Under certain conditions, the need for longer exposure times to allow for adequate
internal illumination (from the burning aluminum) causes the non-ideal side-effect of motion
blurring of the aluminum droplets. This blurring side-effect, however, is a necessary by-
product of having sufficient illumination to see the surface details. (The external illumination
sources that were available during experimentation were not adequate for short exposure
times.)
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Chapter 4
Baseline Formulation Results
This chapter focuses on the baseline formulation. As described in detail in section 3.3.1, the
baseline formulation is a wide-distribution 70% bimodal AP, 16% aluminum, 14% HTPB-
binder propellant, by mass, with a FAP/CAP loading of 44/26 and FAP/binder loading
of 75/25. Loading in the pocket matrix (excluding the CAP), by mass, is 31% Al, 52%
fine AP, and 17% binder. Experiments on each of the three “types” of propellant: matrix,
laminate, and bimodal composite are discussed. The data matrix describing the baseline
tests and representative images from those tests are provided in Appendix D (Table D.1
and Figure D.1, respectively). During experimentation, several instances that are worthy of
mention—such as interesting artifacts, situations, or phenomena—are presented in Appendix
E.
4.1 Pocket Matrix Propellant (1-D Steady Flame)
In order to help characterize the behavior of the aluminized propellant within the pocket
region, excluding the influence of the coarse AP, experiments are conducted on the fuel
matrix alone. These pocket matrix propellants are fuel-rich and contain monomodal fine-
AP. Experiments performed at the low end of the examined pressure range (< 11.2 atm) burn
completely, whereas those in the intermediate pressure region (14.6–18 atm) mostly burn,
but occasionally quench. Tests at the upper end of the pressure range (> 21.3 atm) tend to
quench or do not burn without laser assistance (preheating). This behavior (burning at low
pressures but ceasing to burn at higher pressures) is anomalous to conventional propellants
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which normally burn better or faster at higher pressures and sometimes not as well at low
(sub-atmospheric) pressures.
4.1.1 Burn/No-burn Domain
Freeman et al. (1997) have studied the quenching and extinction behavior (burn/no-burn
domain) of non-aluminized, monomodal-AP/HC-binder propellants for conditions similar
qualitatively, but not quantitatively, to those studied here. Their results are useful for
interpreting the present findings. They found that the monopropellant-AP/HC propellants
studied exhibited mid-pressure extinction with increasing system pressure over the range of
AP particle sizes and oxidizer/fuel ratios included. With the exception of the 65/35 with
2-µm AP from about 17–25 atm (1.75–2.5 MPa), all other AP/HTPB ratio propellants at
all oxidizer/fuel ratios and all AP-particle sizes did not burn.
Extension of the Freeman et al. non-aluminized matrix work to the present condition of
a 75/25 FAP/HTPB-binder would indicate that non aluminized, 2-µm AP matrix samples
should not burn (at any pressure). For the aluminized, 2-µm FAP size and pressures studied
in the present work, this system (except for the Al) burns in a premixed mode or flame
(the FAP/binder burns but the Al remains unburned). Because portions of the aluminized
matrix samples burn (lower pressures), it can be concluded that the presence of aluminum in
the 75/25 fine-AP/binder matrix aides in the combustion of the matrix at low pressures even
though most of the aluminum particles do not ignite at the propellant surface. It is postulated
that the increased thermal conductivity of the matrix (due to the presence of aluminum)
provides enough energy to preheat the solid propellant for these low-pressure samples to burn
whereas the non-aluminized matrix samples do not. The thermal conductivity of aluminum
is two to three orders of magnitude greater than both AP and HTPB. Adding aluminum
increases the thermal conductivity of the propellant. For example, adding 18% Al to an
86/14 AP/HTPB propellant increases the thermal conductivity by 20% (Zanotti et al. 1992).
For the formulations studied in the present work, considering the pocket concentration of
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aluminum is even higher at 31%, by mass, it is justifiable to expect the thermal conductivity
of the aluminized matrix to be more than 20% higher than a non-aluminized matrix.
4.1.2 Aluminum Agglomeration and Ignition
Figure 4.1 shows an image of the baseline aluminized fuel-matrix burning at 4.4 atm. Low
lighting makes distinguishing features from a single frame difficult. Therefore, lines are
hand-drawn to designate features such as individual parent Al particles on the surface,
accumulated Al on the surface, and accumulates in the gas phase being dragged away from
the surface. (Identification of these features is much easier from movies.) In all matrix
burning or quenching cases, only a small fraction of the aluminum particles ignite near
or on the surface with the bulk/majority leaving the image frame unignited (Figure 4.1).
This is consistent with thermochemical equilibrium considerations as noted in section 1.5,
which show that the pocket matrix flame can not achieve sufficient temperature to melt
the aluminum oxide shell and ignite Al on the surface. Small clumps or accumulates of
aluminum particles, however, are seen both on and off the surface (Figure 4.1). The size of
these accumulates is approximately 100 µm but if melted and agglomerated they would form
agglomerates of only about 40 µm. What is significant here-and a major unique finding of this
work-is that Al leaves the baseline matrix surface largely unagglomerated. Previous studies
of more conventional formulations (Price 1984; Price and Sigman 2000; Sambamurthi et al.
1984) have looked at larger fine-AP and/or lower fine-AP/binder ratios and have typically
seen much more extensive surface Al agglomeration. In this unique mixture of fine AP at
the baseline (75/25 FAP/binder) loading level, even though the oxide melting temperature is
not achieved, there is still not extensive agglomeration. It is postulated that the reason this
mixture is able to reduce agglomeration so much has to do with higher, normal gas velocities
close to the burning surface that exert aerodynamic drag on the aluminum particles and are
able to lift them away from the surface.
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Figure 4.1: High-speed camera frame for 1-D baseline fuel matrix (non-laminate)
burning at 4.4 atm.
4.2 Laminate Propellant (2-D Steady Flame)
To simulate outer flames associated with coarse AP in a 2-D, steady fashion, laminates of
pressed AP are added to the outside of a layer of pocket matrix. The outer AP/HTPB flame
structure of burning laminates typically exhibits one of two flame types: split (diffusion) or
merged (partially-premixed). Previous experiments on AP/HTPB flame structure without
aluminum utilized UV and/or IR imaging to distinguish these two types of gaseous flames
using HCl or OH* (Fitzgerald and Brewster 2004; Fitzgerald 2005). The broadband visible
imaging approach utilized in this work can not see excited gaseous molecules directly. Be-
cause of the inclusion of aluminum, however, a different method of delineating AP/HTPB
flame structure can be used. Aluminum ignition, in the burning laminates, is associated
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with the appearance of a luminous burning droplet (or particle) as well as smoke; thus
smoke traces emanating near the surface of the fuel layer are used to define the flame as
split (diffusion flame) or merged (partially-premixed flame).
4.2.1 Flame Structure
Figure 4.2 and Figure 4.3 are baseline laminates that show gas-phase and surface character-
istics of a split flame and a merged flame, respectively. The outer AP slabs are lighter in
color than the fuel layer, and a clearly defined outer-AP/fuel-matrix interface is visible. The
fuel layer is flat for both flame types. Aluminum droplets cover the surface and are present
in the gas stream above the laminate fuel layer. Bright spots of combusting aluminum and
their smoke trails are visible in the gas stream above the surface. The origins of these smoke
traces and burning aluminum indicate the locations of ignition of the aluminum droplets.
In the split-flame regime (Figure 4.2) Al ignition occurs at the diffusion flames above the
surface. In the split-flame regime, the system is able to support diffusion flames because
there exist stoichiometric level surfaces where reactants from AP and HTPB come together
in stoichiometric proportions. In Figure 4.2, an over-ventilated (in the Burke-Schumann
sense) diffusion flame occurs at these locations in the shape of a tent or canopy over the
fuel-surface and can be referred to as the “outer-canopy (split) diffusion flame” (Figure 4.4a).
There are two distinct diffusion flame branches, each with a partially-premixed leading edge
flame (LEF); the LEFs are centered approximately at the interfaces of the AP/fuel layers.
Near the surface (< 100 µm), between the LEFs is a region of premixed flame structure
(from the fine-AP/binder combustion) and can be termed the “inner-premixed flame” (Fig-
ure 4.4a). In the merged flame regime (Figure 4.3), stoichiometric level surfaces have either
disappeared or are on the verge of doing so, and the system is unable to support diffusion
flames. A merged (partially-premixed) flame is present (called the “outer-canopy (merged)
partially-premixed flame”) (Figure 4.4b) that can be inferred by the smoke traces emanating
from across the entire burning surface and not just near the laminate interfaces. This outer-
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canopy partially-premixed flame sits farther away from the surface than the inner-premixed
flame layer created by the premixed FAP/binder flamelets (Figure 4.4b).
Figure 4.2: 2-D baseline laminate burning in split flame regime with fuel-layer thick-
ness of 1000 µm at 14.6 atm.
Figure 4.3: 2-D baseline laminate burning in merged flame regime with fuel-layer
thickness of 550 µm at 5 atm.
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Figure 4.4: Schematic diagram demonstrating the two categories of AP/binder flame
complexes.
By varying pressure and fuel-layer thickness, flame structure can be mapped as a function
of these variables as was done previously for non-aluminized laminates. Figure 4.5 shows the
pressure-thickness flame structure domain map for baseline laminates. Two distinct (outer)
flame structure regimes are separated by a transition flame structure region-the merged
regime, depicted by the image inset in the lower left corner, and the split flame regime,
depicted by the image inset in the upper right corner. The transition region from merged
flame to split flame occurs as the fuel-layer thickness (or length scale) increases and as the
pressure in the system increases. For a given pressure, as the fuel-layer thickness increases,
the combustion zone becomes increasingly diffusion-limited (diffusion mass transfer rates
are pressure independent), oxidizer and fuel species have farther to traverse, and clearly
defined diffusion flames anchor at the oxidizer/fuel interfaces. Likewise, for a constant
length scale (fuel-layer thickness), increasing pressure results in increased chemical reaction
rates (due to increased collision rates between the gas species), leading to diffusion-limited
conditions (as opposed to the kinetically-limited conditions of the merged flame region) and
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the development of a split flame. The existence of two outer flame structure regimes with a
transition region between them is similar to the non-aluminized, oxygenated binder reported
by Fitzgerald (Fitzgerald and Brewster 2004; Fitzgerald 2005). However, it is important to
remember that a different criterion was used as the basis for merged and split designations.
Also, there is no unambiguous equivalent thickness between aluminized and non-aluminized
laminates, however the physical thickness comparison is suitable within the same order of
magnitude.
Figure 4.5: Flame structure domain map for baseline laminate formulation. Dash line
based on Fitzgerald’s work with similar non-aluminized, oxygenated-binder laminates.
(Fitzgerald and Brewster 2004; Fitzgerald 2005)
4.2.2 Fuel-Layer Protrusion
Non-favorable burning conditions occurring in fuel-rich mixtures at the solid/gas interface
contribute to the protrusion of the fuel layer. Fuel-layer protrusion in non-aluminized, non-
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oxygenated, fuel-rich laminates (a.k.a. pure-binder laminates) has been observed and doc-
umented (Chorpening et al. 2000; Chorpening and Brewster 2002; Fitzgerald and Brewster
2004; Fitzgerald 2005; Price et al. 1986). Fitzgerald and Brewster (2008) state that increas-
ing the oxidizer content via the inclusion of fine AP intermixed with the binder (reducing
the overall fuel to oxidizer ratio—FAP/binder—in the fuel layer by adding FAP) results in
a fuel layer with a non-protruded surface profile. Their work focuses on non-aluminized,
oxygenated 75/25 FAP/binder laminates. In contrast to this, is the work of Chakravarthy
et al. (2004), whose work on 450–600 µm thick fuel-layer laminates (2-µm FAP, 65/35) at 34
atm (3.45 MPa) indicates matrix protrusion. Tests of the Chakravarthy et al.’s laminates at
slightly lower pressure (20.4 atm) indicate no matrix-layer protrusion. The surface protru-
sion observed by Chakravathy et al. but not Fitzgerald and Brewster over the same pressure
region could be related to the difference in matrix AP/binder. The higher oxidizer loading
used by Fitzgerald and Brewster could provide the added boost to the flame conditions
to enable more favorable burning conditions that result in less/no protrusion. A plausible
explanation for why the higher FAP loading stabilizes flame conditions as compared to the
lower FAP loading is discussed in section 4.2.3.
The inclusion of aluminum powder to the oxygenated fuel layer increases the overall fuel
to oxidizer ratio but not the FAP/binder ratio which, for the baseline, remains unchanged
at 75/25 FAP/binder. The fuel layer in baseline laminates remains flat; it does not protrude
(Figure 4.6). Figure 4.6 is a non-protruding baseline laminate with a fuel-layer thickness
of 500 µm at 32.3 atm burning at the same type of conditions—the split flame-base struc-
ture regime—that result in fuel-layer protrusion in pure-binder laminates This is similar to
Fitzgerald and Brewster’s results on 75/25 FAP/binder laminates (Fitzgerald and Brewster
2008).
As discussed in section 4.1.1, the addition of aluminum enhances the ability of the 2-
µm fine-AP, 75/25 AP/HTPB to sustain deflagration and burn in the low pressure region.
Due to the fact that the aluminized matrix does not burn at elevated pressures, one might
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Figure 4.6: Baseline laminate with a fuel layer showing a non-protruding surface. Test
performed at 32.3 atm with a fuel-layer thickness of 500 µm.
expect unfavorable burning conditions in the aluminized laminates at equivalent pressures.
All baseline laminates burn and do not protrude over the pressure range examined (3–
40.7 atm). At the elevated pressures where the matrix does not burn, the addition of
the AP laminas enables the formation of a diffusion flame. The LEFs associated with the
diffusion flame are anchored above the matrix/AP-lamina interfaces. The high temperatures
associated with these flames most directly affect the burning in the regions immediately next
to the interfaces. The center region (the area most likely to experience unfavorable burning
conditions of any region) of the fuel layer is probably too far from the diffusions flames to
be influenced by them directly or conductively. The most logical explanations for the non-
protruded surface profile are the radiative feedback supplied to the surface by the aluminum
that ignites downstream and the increased thermal conductivity of the aluminized matrix,
both of which help to maintain favorable burning conditions.
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4.2.3 Burn/No-Burn Behavior
Baseline laminates with a fuel layer containing fine-AP and aluminum, burn stably and do
not exhibit mid-pressure extinction behavior. In contrast, and as is discussed in section 4.1,
aluminized baseline matrix propellants (without outer CAP) burn at low pressures but tend
to quench or not burn as the pressure increases. When the outer-AP layers are added in the
form of laminates; however, the propellants burn over the entire pressure range examined.
This section discusses this behavior as well as related studies with FAP/binder laminates.
One particularly relevant study is that of Chakravarthy et al. in which intermittent burning
of non-aluminized, 65/35 AP/HTPB matrixes and laminates containing 2-µm or 10-µm fine-
AP was observed (Chakravarthy et al. 2004). Chakravarthy et al. state that their experiments
on matrixes containing 2-µm AP were likely to quench, burn intermittently, or not burn at
all over the 1–138 atm (0.1–14 MPa) pressure range examined. The matrixes burned in the
smaller, narrow pressure range of 20.4–24 atm (2.07–2.42 MPa).
A digression from the present aluminized laminate work will help explain the reasoning
for the improved burning conditions in the aluminized 75/25 FAP/binder-matrix laminates.
A laminate intermediate to Chakravarthy et al.’s 65/35 FAP/binder and the present alu-
minized, 75/25 FAP/binder was studied in the form of non-aluminized, 75/25 FAP/binder
laminates by Fitzgerald and Brewster (2008). The laminates examined by Fitzgerald and
Brewster burned consistently over the pressure interval up to approximately 55 atm. The
primary difference between the laminates that burned (75/25 FAP/binder, Fitzgerald and
Brewster) and those that did not (65/35 FAP/binder, Chakravarthy et al.) is FAP loading.
The schematic diagrams in Figure 4.7 and Figure 4.8 illustrate a unique mechanism that
can occur in FAP/HTPB propellants. Figure 4.7 illustrates the top portions of the fuel-
matrix layer between the CAP laminas for both the 65/35 and 75/25 FAP/binder matrixes.
The enclosed region at the top of each image represents the binder melt layer on the burning
surface. The propellant surface regresses in the direction of the burn rate (rb). Figure 4.8
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shows the qualitative relationship between propellant temperature as a function of distance
from the surface for steady burning. Higher pressures and/or higher burning rates decrease
the characteristic thickness of the heated zone at the propellant surface. The temperature
drops sharply at a distance greater than the characteristic thickness (xc) that defines this
narrow, heated layer. Higher pressures and burning rates create burning systems that are
more vulnerable to dynamic extinction processes if a perturbation happens to the system
that suddenly burns off most of the heated layer.
Figure 4.7: Visual representation of FAP accumulation and burnoff due to the dis-
parity in AP and HTPB surface pyrolysis activation energies and the mobility of
FAP in binder melt layer. In (a) smaller FAP/binder ratio of conventional propellant
formulations results in longer accumulation time and greater disparity in fluctuating
regression rate between Steps-1 and -2. In (b) larger FAP/binder ratio of present re-
search propellant reduces FAP accumulation cycle time, evens fluctuating regression
rate more, and thereby reduces dynamic extinction tendency (see Figure 4.8).
The intermittent burning leading to mid-pressure extinction is thought to be caused by
the difference in activation energies for surface pyrolysis of the binder compared with that
of AP. The activation energy for AP decomposition (approximately 29 kcal/mol) is twice
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Figure 4.8: Temperature profile for steady burning in a solid propellant near the
burning surface. At higher pressures and burning rates, the characteristic thickness
of the heated layer is smaller; the burning system is more vulnerable to dynamic
extinction by processes such as that illustrated in Figure 4.7.
as high as that of the binder (12 kcal/mol) (Hickman and Brewster 2000). Therefore AP’s
decomposition is much more temperature sensitive. If the temperature at the propellant
surface is too low, FAP decomposition will tend to be slower than the binder decomposition.
If there is a mechanism for FAP to accumulate at the surface, it could do so without de-
composing while the binder essentially burned away around it. For FAP in melting binders
(such as HTPB) there is such a mechanism. The thickness of the binder melt layer is com-
parable to or slightly larger than the size of the fine AP in these cases (on the order of
tens of micrometers) so the FAP has room to accumulate in the melt layer—the 2-µm more
so than 10-µm FAP (Step 1 in Figure 4.7). As seen in the figure, the 75/25 FAP/binder
matrix has more FAP in the melt layer due to its higher packing (near the monomodal-AP
solids loading limit for 2-µm AP). The flames in both cases (a) and (b) of Figure 4.7 are
premixed flames with low temperatures relative to stoichiometric. The 75/25:FAP/binder
flame temperature is notably higher, though, than that of the 65/35:FAP/binder. There-
fore, the average burning rate of the 75/25 FAP/binder will be greater than that of the
65/35 FAP/binder matrix. With its lower activation energy, the binder can decompose at
surface temperatures where the FAP will not, allowing FAP to accumulate. By Step 2, the
FAP has accumulated so much that there is no more room for new FAP to fit into the melt
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layer, and as the binder further burns away, the accumulated FAP begins to protrude above
the propellant surface, pushed by the solid below. At this point, the FAP has protruded
enough that it is encountering the hotter gas phase flame temperatures, its activation en-
ergy for surface pyrolysis is reached. The burning rate, now associated with FAP/binder
and not just binder, increases and burns until the accumulated FAP has burned (Step 3)
and creates a fresh surface with which to start the cycle again or, if the dynamic event is
too severe, the decomposition reactions may extinguish and combustion will cease (Figure
4.8). This type of flame extinguishing event is postulated to be what occurs in the 65/35
FAP/binder and results in mid-pressure extinction once pressures are high enough that the
surface heated layer is sufficiently thin (small xc) In the 75/25 FAP/binder matrix, however,
the FAP packing is so high that Steps 1 and 2 occur closer together (in time) and the surface
regression-rate disparity created in Step 3 is not as large as in the 65/35 FAP/binder matrix.
The transition through the steps, in 75/25 FAP/binder matrix, occurs quickly enough that,
although rb still increases temporarily, it is not enough to extinguish the system. The reason
that the 10-µm FAP, 65/35 FAP/binder matrix has better burning characteristics (a higher
pressure to reach mid-point extinction) than the 2-µm FAP case is because the larger size of
the 10-µm FAP results in fewer opportunities for the FAP to accumulate in the binder melt
layer due to the thickness of melt layer being the same size or smaller than the 10-µm FAP
at the pressures that caused extinction in 2-µm FAP matrixes. (Binder melt layer thickness
decreases with increasing pressure.)
Consider next the effect on FAP/binder matrix combustion by adding Al particles. In
the present work where the matrix layer contains aluminum particles that are larger than
the FAP particles and a high FAP/binder ratio, there is a dual-benefit situation of high FAP
packing and aluminum particles forming a barrier in the melt layer that further restricts the
amount of FAP that accumulate (Figure 4.9). Due to the scale disparity between aluminum
particles and FAP particles—the FAP particles are an order of magnitude smaller than the
aluminum particles—a new “pocket” type is postulated. (To the author’s knowledge, the
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present loading conditions and disparity of particle sizes have not been examined before.)
The aluminum particles form the edges and bottom of a pocket region containing binder and
fine AP similar to pockets formed by coarse AP in heterogeneous propellants (Figure 4.9).
The size of the aluminum pocket is on the order of the aluminum diameter, in this case about
15 µm. These aluminum pockets limit the amount of fine AP that can accumulate in the
melt layer to be no thicker than the diameter of the Al, allow stable burning characteristics,
and do not result in mid-pressure extinction.
Other possible explanations exist as to why the aluminized baseline laminate burns
throughout the pressure range examined. The first: the high conductivity of the aluminum
that allows the thermal wave to penetrate deeper into the propellant. This deep thermal
profile helps prevent extinction that occurs when a shallow thermal layer suddenly burns off
leaving an exposed surface that is below the activation temperature for the decomposition
of AP. Second, in baseline laminates, the aluminum ignites downstream (section 4.2.4). The
extra energy provided by the radiating, burning aluminum back to the surface contributes
to the stability of the laminate.
4.2.4 Aluminum Agglomeration and Ignition
In the baseline laminate propellants examined, the majority of the aluminum remains unag-
glomerated (diameters ranging from about 20–40 µm) when it leaves the surface. This is con-
sistent with the non-agglomerating behavior seen in matrix-only (1-D) baseline propellants.
However, in the laminates, unlike the matrix-only propellants, the Al leaving the fuel-surface
eventually ignites. This is because the additional oxidizer from the coarse-AP slabs allows
the system to support either canopy diffusion flames or near-stoichiometric (outer canopy)
partially-premixed flames where the mixture-fraction ratio is in the aluminum ignition “win-
dow” region of Figure 1.4. It is also observed that the limited amount of accumulation of Al
that does occur on the fuel-matrix surface in laminates is less than in non-laminates. This
is related to the increased burning rate of the laminate propellants as compared with the
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matrix-only samples and higher gas velocities near the burning surface.
Figure 4.9: Idealized representation of a pocket bounded by a) CAP and b) Al, where
CAP is either 200 or 400 µm, FAP is 2 µm, and Al is 15 µm.
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The aluminum agglomerate sizes predicted by the pocket model developed by Cohen
(1983)—and discussed in section 2.2—are compared to the experimental findings of alu-
minum agglomerate size in the baseline laminate formulation. CAP size and CAP loading
determine the distance between CAP particles which is approximated by the fuel-layer thick-
ness in a laminate. The pocket model predicts agglomerates corresponding to a pocket size
about the fuel-layer thickness, which is several hundred micrometers in length, depending
on fuel-layer thickness (see Table 4.1). The fact that for the 75/25 FAP/binder baseline
fuel the actual agglomerates are much smaller than the pocket size indicates that the pocket
model is missing important considerations necessary for predicting agglomeration.
Table 4.1: Comparison of measured and Cohen-model predicted aluminum agglomer-
ate diameters for Baseline (75/25 FAP/binder) propellant formulations.
Also occasionally seen in the baseline laminate propellants, are unignited accumulates
leaving the surface and entering the flow field as small chains (Figure 4.10). The aluminum
particles “stick” together as described by Price (1984) and Melcher (2001) but do not coalesce
into large agglomerates, possibly, until farther downstream (near the stoichiometric flame)
where temperatures are more favorable for oxide layer melting at the onset of ignition (see
“window” region highlighted in Figure 1.4).
4.2.5 Lateral Migration
The baseline laminate propellant movies also indicate that Al can and does migrate laterally
across the burning surface, generally from fuel-matrix to coarse AP. A close look at laminate
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Figure 4.10: Chains or filigrees of aluminum particles on the surface of a baseline
laminate at 8 atm with a fuel-layer thickness of 800 µm.
propellant movies reveals aluminum particles “rolling” up the coarse-AP lamina. In Figure
4.11 of a baseline laminate with a 350-µm fuel-layer at 12 atm, an aluminum droplet “rolls”
up and flattens out on the face of the AP slab. Initially (a), a few particles of aluminum are
seen on the fuel layer just to the side of the AP/fuel-layer interface. These separate particles
form a single droplet of aluminum (about 56 µm) seen in frame (c). Over the course of the
next 50+ ms, the aluminum droplet moves up the surface of the coarse-AP slab. During this
time, and shown in frame (f), a small chain of aluminum particles moves up the AP slab
just below the droplet. Frames (e) and (f) show the aluminum droplet flattening out onto
the surface of the AP. The dark spot, approximately 66-µm wide, indicates the location of
the aluminum droplet on the slab. It is larger than the original particle diameter suggesting
that the aluminum droplet has flattened or otherwise spread out onto the AP surface. The
mechanism of lateral aluminum migration on the surface is not well understood. There
are possibly tangential fluid velocities at the surface in the gas, liquid, or both. However,
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the relative strength of their associated drag forces on Al particles is not well understood.
Nevertheless, the mechanism is an important one as it is seen again in bimodal-AP (3-D
particulate) propellants to even a greater extent and is mentioned below in section 4.3.2.
Figure 4.11: A series of images showing a droplet of aluminum moving up the coarse-
AP slab and then flattening out onto the surface of the AP. This baseline laminate
has a fuel-layer thickness of 350 µm and is burning at 12 atm.
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4.2.6 Burning Rate
Laminate burning rate can be an indicator of AP/HTPB flame conditions (Price et al. 1986);
thus, determining and comparing the burning rate at a variety of conditions—pressures, fuel-
layer thicknesses—can provide information about the AP/HTPB flame. The burning rate
of the aluminized laminates versus fuel layer thickness for two pressures (∼ 8 atm and
∼ 21.5 atm) is shown in Figure 4.12. As is typical of most propellants, increasing the
pressure increases the regression rate of the surface. At lower pressures, there appears to be
no relationship between burn rate and fuel layer thickness. However, at higher pressures,
similar to non-aluminized laminates, (Fitzgerald 2005; Chakravarthy et al. 2003) there is a
location of optimum thickness for which the burning rate is the greatest. This occurs as the
LEFs approach each other and interact such that their heat feedback to the propellant is
distributed most optimally for supporting surface decomposition reactions and thus driving
surface regression.
Figure 4.12: Burning rate versus fuel-layer thickness for baseline laminates.
In general, as fuel-matrix layer thickness increases the laminate burning rate approaches
that of the matrix-only material. This is because, providing the fuel-matrix can self-
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deflagrate, in the thick-fuel limit, it will do so at its own intrinsic regression rate, taking on a
flat profile. In this limit the LEFs are too far from most of the fuel surface and interact with
too little of the fuel surface to make a significant difference in the burning rate of the lam-
inate, and thus the laminate burns at the fuel-matrix self-deflagration rate. In aluminized
systems, however, a slight, systematic deviation between the matrix self-deflagration with
and without outer AP slabs is observed. Burning rates of baseline matrixes and correspond-
ing laminates of suitably large fuel layer thickness (> 800 µm) are shown in Figure 4.13.
Power-law fits to the data follow the relation rb = aP
n, where a = 1.34 and n = 0.34 for
the wide laminate and a = 1.09 and n = 0.38 for the matrix propellant. It can be seen
that there is a trend of slightly higher burning rate and slightly lower pressure sensitivity
of the laminate matrix compared to the non-laminate matrix. The cause may be related to
the difference in Al ignition between the two systems. In laminates, most of the aluminum
particles that leave the surface ignite when they pass through the diffusion flame canopy,
whereas in the non-laminates there is no flame to ignite the Al. The additional radiative
feedback to the surface of the propellant from the burning Al droplets and oxide smoke in the
laminates would serve to elevate the burning rate (while decreasing the pressure sensitivity)
of the laminate as compared to the matrix-only samples.
Figure 4.14 shows the burning rate pressure dependence of both the baseline lami-
nates and the non-aluminized, oxygenated laminates measured and reported by Fitzgerald
(Fitzgerald and Brewster 2004; Fitzgerald 2005). Just as before, trendlines are fit to the data.
The burning rate of the non-aluminized laminates have a stronger pressure dependence as
compared to the aluminized laminates. As pressure increases the leading edge flame bases
get closer and closer to the surface, and with decreasing separation distance, they transfer
more heat into the system thereby increasing the burning rate. This increased heat flow to
the surface will have a greater impact on the non-aluminized matrix than on the aluminized
matrix because of the increased thermal conductivity of the aluminized system that allows
more heat to propagate into the propellant.
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Figure 4.13: Burning rates of baseline matrixes and corresponding laminates of suit-
ably large fuel-layer thickness (> 800 µm).
4.3 Bimodal Composite Propellant (3-D Unsteady
Flames)
Having reduced overall system complexity by examining the pocket matrix and laminate
systems, the aluminum behavior in actual bimodal-AP composite systems is investigated.
Wide-distribution, bimodal-AP propellants are created by removing the AP slabs and, in
their place, intermixing CAP with the matrix. High-speed imaging of the burning surface of
aluminized heterogeneous composite propellants show that the system exhibits similar mech-
anisms to those observed in laminate propellants but also reveals some new characteristics
unique to the 3-D geometry of particulate propellants with CAP particles.
78
Figure 4.14: Comparison of burning rates of baseline laminates and that of non-
aluminized, 75/25 FAP/HTPB-binder laminates. Non-aluminized burn rate data from
Fitzgerald (2005).
4.3.1 Collection of Aluminum on the Surface
Figure 4.15 shows the burning surface of 400-µm CAP propellant at a pressure of 3 atm.
Parent aluminum particles can be seen on the surface of the fuel-matrix between coarse AP,
similar to the fuel matrix in laminates and the fuel matrix alone. Aluminum particles also
cover the surface of the coarse-AP particles that are partially imbedded in the propellant
surface. Ignited aluminum burns in the gas above the propellant as indicated by the white
streaks. In the movies, some of the aluminum particles can be seen crossing portions of
the surface of the propellant and gathering on or near the coarse-AP particles, as discussed
below.
The collection of aluminum on the surface of coarse-AP particles leading to aluminum
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Figure 4.15: Image of a 400-µm CAP baseline propellant burning at 3 atm. Coarse-AP
particles, hand-drawn outline in white, can be seen imbedded in the surface of the
propellant and covered in aluminum particles. The white streaks in the top half of
the image are burning aluminum.
agglomerate formation is a new characteristic of particulate-composite propellants not ob-
served in laminates. As the propellant surface burns down, aluminum particles settle onto
freshly exposed coarse AP. Additional aluminum gathers on coarse-AP particles via the sur-
face migration mechanism described previously in the Laminate Results section (4.2.5). As
a coarse-AP particle burns away, a relatively “flat” accumulation of aluminum particles re-
mains, which balls up and typically ignites as a single, large agglomerate but, occasionally,
as multiple smaller agglomerates. The diameter of this large agglomerate is smaller than the
footprint of the AP particle on or near which it accumulated. Figure 4.16 gives a sequence of
images from a movie showing this process. Here, a non-spherical particle of ammonium per-
chlorate (approximate width of 262 µm) sits imbedded in the propellant (a, b). Aluminum
particles gather on its outer surface and retain a “dome” shape as the coarse AP burns
underneath and as the propellant burns down around it. Once the coarse AP has burned
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away, the remaining aluminum aggregate, now appearing more “flat” than “domed” begins
to rise up on its side (f). The top part of the aggregate is far enough from the surface to
encounter the higher temperatures of the outer AP/binder flame regime, and a thermal wave
propagates back down into the aggregate (g). The aggregate separates from the surface (h)
and ignites (i) as it begins to coalesce (j) into an agglomerated sphere (k). The diameter of
this agglomerate droplet is 204 µm, which is smaller than the size of the original AP particle
on which it formed.
4.3.2 Lateral Migration
The phenomenon of lateral migration of aluminum on the surface is observed in 3-D par-
ticulate propellants-similar to that described in 2-D laminates (4.2.5). Parent aluminum
is observed to migrate on the surface to the locations of coarse-AP particles where it then
accumulates. Figure 4.17 shows this process in a 400-µm CAP propellant mixture at 3 atm.
As seen in Figure 4.17, a coarse-AP particle, covered in aluminum particles that form a
“dome” shape, sits imbedded in the propellant surface (a, b). Aluminum particles, with
diameters of about 30 µm or smaller, migrate on the propellant surface to the coarse-AP
surface where they climb the “dome” (b–i) and accrue. This takes place during a 1.5 ms
time interval.
Aluminum migration in the particulate propellants is comparable to the aluminum “rolling”
up the surface of the AP slabs in laminate propellants. This migration behavior is as preva-
lent in the 2-D geometry as it is in the 3-D geometry. Lateral migration on 2-D AP laminates
may be more difficult to see optically. There is a better camera angle on the heterogeneous
composite propellants where the front and top of the CAP can be seen as opposed to the
side profile angle of the laminate propellants. Likewise, the longer and steeper climb the
aluminum particles have to make up the AP slabs in the laminates might inhibit the be-
havior somewhat. What appears like a relatively unimportant (infrequent) process in 2-D is
observed to be more frequent and prevalent in 3-D.
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Regarding the behavior of Al in the pocket matrix that does not migrate to CAP particles,
it is similar to that seen in laminates: there is a unique tendency for reduced aluminum
agglomeration with ignition of aluminum occurring above the surface. Because of the 3-
D unsteady nature of the particulate propellants, it is not nearly as easy as it is in 2-D
laminates to identify the outer CAP/fuel-matrix flames that ignite the Al leaving the fuel-
matrix portion of the surface. The spatial location of Al ignition is so random in 3-D that
identifying it as occurring at, for example, a CAP/fuel-matrix canopy diffusion flame, would
be impossible. In this regard 2-D laminates give important and unique insight.
4.3.3 Aluminum Agglomeration and Ignition
As in laminate propellants, the majority of aluminum ignition occurs above the surface in
outer CAP/fuel-matrix flames where temperatures are high enough to melt the aluminum
oxide shell. This can be seen in Figure 4.18 for a particular droplet designated by the arrow;
the particle leaves the surface and ignites at the end of frame (d) where the bright tip
indicates the onset of ignition.
Regarding the overall agglomeration behavior of this unique formulation of wide-distribution
FAP/CAP propellants, the following observations can be made. Highly loaded fine-AP fuel
matrix is unique in reducing Al agglomeration as compared to conventional (e.g., lower
fine-AP loading) propellant formulations. The presence of CAP particles does allow for Al
agglomeration but the number of these agglomerates is reduced compared to conventional—
lower FAP/CAP-ratio (about 0.43)—propellants because of the reduced number of CAP
particles. There appears to be slightly more agglomeration (about 60 µm or smaller) asso-
ciated with 200-µm CAP particles than that seen in the 400-µm propellants; however, there
are also fewer large agglomerates formed after the CAP has burned away than there are in
the 400-µm propellant. The few, relatively speaking, large agglomerates, like the 204-µm
agglomerate formed in Figure 4.15 are smaller than the size of the CAP in their respective
formulations. The majority of the aluminum leaving the surface of the bimodal composite
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propellant, nevertheless, remains unagglomerated, as illustrated in Figure 4.18. In Figure
4.18, the average diameters of the aluminum droplets are about 30 µm and are similar in
scale to that observed in laminate propellants.
The reduced agglomerate rate and size of baseline formulation composite propellants is in
contrast to that predicted by Cohen’s (1983) pocket model. The pocket model (discussed in
section 2.2) predicts the minimum aluminum agglomerate size for the given conditions, and
these predictions are compared with the experimentally determined aluminum agglomerate
size of baseline formulation composites. In the present formulation, the effective pocket is
the pocket formed by the CAP because the pocket formed by the FAP does not meet the
requirements—as stated by Cohen—to fully encapsulate the aluminum or to achieve tem-
peratures that are high enough to melt the aluminum. The general procedure for application
of the model to the present formulation is as follows. First, the number of CAP particles
per unit of propellant volume is determined. Next, the spacing between CAP particles is
calculated. The volume of the effective pocket is then computed. Knowing this pocket
volume, the weight (mass) percent of Al, and the fraction of Al that melts, the mass of alu-
minum that will form agglomerates can be determined. The diameter of the agglomerated
aluminum—proportional to the fraction of aluminum that melts in the effective pocket—is
calculated under the assumption that all of the melted aluminum inside the pocket forms a
single agglomerate. For baseline formulations, all of the aluminum inside the effective pocket
will melt. The Cohen-model predicted diameter of a single aluminum agglomerate is 250
µm in a Baseline-1 (200-µm CAP) formulation. In a Baseline-2 (400-µm CAP) formulation,
the predicted size of a single aluminum agglomerate would increase to 500 µm. Therefore,
the present baseline formulation—by remaining largely unagglomerated—exhibits drasti-
cally different agglomeration characteristics than that predicted by the pocket model (see
Table 4.1). Again, the discrepancy between predicted and actual agglomeration sizes and
rates indicates that the pocket model is missing significant issues related to agglomeration
prediction.
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Figure 4.16: Coarse-AP particle (approximate size in (a) 260 µm wide) shown cov-
ered with aluminum particles that accumulate on its surface as the propellant burns.
Outlines hand-drawn in white to make the particles easier to identify. Diameter of
burning agglomerate in (k) is 200 µm. This is a 400-µm CAP baseline propellant
burning at 3 atm.
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Figure 4.17: Aluminum particles migrating on the propellant surface and up the sides
of CAP particles in 400-µm CAP baseline formulation burning at 3 atm. Outlines are
hand-drawn in white to make the particles easier to identify.
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Figure 4.18: Baseline 400-µm CAP propellant, burning at 3 atm: aluminum particles
seen leaving the surface unagglomerated and igniting downstream. For the 30-µm
particle highlighted, the bright luminosity of ignition can be seen at the tip of the
aluminum streak in (d).
4.3.4 Burning Rate
Figure 4.19 shows the burning rate versus pressure for two mixtures (both baseline for-
mulations in terms of mass percentages of ingredients) of particulate composite propellant.
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Power-law curve fits to the data following the relation rb = aP
n, give a = 1.63 and n = 0.39
for the Baseline-1 (200-µm coarse-AP) formulation and a = 1.2 and n = 0.42 for Baseline-2
(400-µm coarse-AP). The pressure dependence is more pronounced, and the burning rate is
higher, in Baseline-1 as compared to Baseline-2. Although the mass percentage of coarse AP
in the two mixtures is equivalent, the actual number of AP particles is greater for the 200-µm
mixture than for the 400-µm mixture. This gives rise to the well-known increase in burning
rate for smaller CAP particles due to higher heat feedback from hotter CAP/fuel-matrix
flames; the same effect as discussed for the laminate burning rates in Figure 4.12 & Figure
4.13.
Figure 4.19: Burning rate pressure dependence for two baseline, bimodal-AP compos-
ite propellant mixtures.
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Chapter 5
Effect of Propellant Formulation
Variations
Variations in propellant formulation (from the baseline condition)—such as fine-AP/binder,
Al particle size, Al loading—are examined. These variations enable the examination of the
effects of aluminum particle size, aluminum loading, and fuel matrix loading on the agglom-
eration and ignition of aluminum and other areas such as the burning rate. Comparisons
to the baseline formulation propellant can be made. Section 3.3.2 describes the propellant
composition variations, and they are listed in Table 3.3. Similar to Chapter 4, experiments
are conducted on each of the three “types” of propellant: matrix, laminate, and bimodal
composite; however, not all three types are examined in each variation. Data matrixes de-
scribing tests performed in each variation and representative images from those tests are
provided in Appendix D (Tables D.1–D.7 and Figure D.1, respectively).
5.1 Extra Binder (Variation-1)
The Variation-1 formulation 3.4 is used in tests of pocket matrix and laminate arrangements.
As in the Baseline (presently may be referred to as “75/25”) formulation, Variation-1 has
a pocket matrix consisting of 31%, by mass, 15-µm Al. The present formulation is more
fuel-rich than the baseline formulation (28% compared with 17%, by mass of HTPB-binder
in the overall matrix formulation, respectively); extra binder is added giving a 58/42 (as-
cured) FAP/HTPB-binder ratio. A 58/42 FAP/binder formulation is near the typical fine-
AP/binder ratio in conventional heterogeneous composite propellants.
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5.1.1 Pocket Matrix Propellant (1-D Steady Flame)
Pocket matrix propellant loaded with a reduced FAP/binder ratio formulation of 58/42
AP/HTPB-binder is tested at pressures similar to that of the baseline matrix. In each
test or run, there is no observable, visible flame; however, there is a large amount of smoke
produced. These matrix propellants burn stably; they do not exhibit mid-pressure extinction
behavior. The work of Freeman et al. (1997), shows that a matrix propellant with similar
FAP/binder ratio, 60/40, but without Al does not burn—no steady flame front is present.
The presence of aluminum in the present 58/42 matrix (even slightly more fuel-rich than
60/40) apparently facilitates the burning of the matrix. The aluminum in the matrix does
not burn; however, its presence in the matrix allows for conditions where a flame front
can stabilize and pass through the entire sample burning up the surrounding constituents
while leaving the aluminum intact (discussed in the next paragraph). The increased thermal
conductivity of the aluminized matrix (as compared to the non-aluminized matrix) allows
for the energy of the flame to transfer through the matrix just enough that a flame front can
stabilize.
High speed imaging indicates that the oxidized binder burns away and leaves an un-
burned, unagglomerated aluminum structure (Figure 5.1). The leftover aluminum network,
most likely held together by char or soot from the AP/binder combustion, is fragile and
disintegrates to powder form with only minimal disturbance. Presumably the combustion
occurs near 1200 K, the theoretical adiabatic flame temperature for 58/42 AP/HTPB, far
less than the 2300 K necessary to melt the aluminum oxide layer (Figure 1.4). The reduction
in the flame temperature between the 75/25 (baseline) and 58/42 matrices also leads to a
drop in drag forces pulling unburned/unignited aluminum from the surface. This reduction
in drag force could be substantial enough to allow the aluminum to remain on the surface
long enough for the outer surface of the aluminum particles to sinter together via unburned
matrix or combustion byproduct residue.
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Figure 5.1: (a) An individual frame of a high speed camera test taken as 31% Al,
58/42 FAP/HTPB-binder matrix (non-laminate) burns. It leaves behind a porous
aluminum network. (b) A photograph taken on an optical microscope after a test.
5.1.2 Laminate Propellant (2-D Steady Flame)
Fuel Layer Protrusion
As the FAP/HTPB-binder ratio is changed to 58/42 in a laminate from 75/25 while leaving
the aluminum percentage unchanged at 31%, the fuel-layer surface changes significantly
from flat to significant protrusion (Figure 5.2). Not all tests result in surface protrusion.
Test pressures for 31% Al, 58/42 FAP/HTPB-binder laminate propellants vary from 4 atm
through 25 atm with fuel layer thicknesses ranging from 0.07 mm up to 0.53 mm. It is
probable that the protrusions seen in the 58/42 laminate tests are areas of unfavorable
burning conditions; specifically, areas where the local temperature is not high enough to melt
the aluminum oxide coating, and, so, a porous aluminum structure protrudes and remains,
similar to how the FAP and binder burn in the 58/42 aluminized matrix (section 5.1.1),
leaving the aluminum structure behind in its wake. The LEFs found at the matrix/oxidizer
interface in laminates provide a heat source for the propellant. The high thermal conductivity
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of the aluminum makes it act like a heat sink and spreads the heat throughout the propellant.
This heat source could keep the surface from protruding in the cases where it does not
protrude. The temperature rise due to the heat sink could even be the reason why the
aluminized laminate is able to burn. As mentioned previously, the reduction in drag forces
due to lower temperatures in the 58/42 FAP/HTPB-binder flame likely contributes to the
fuel layer protrusion as well.
Figure 5.2: Fuel-layer protrusion in a 58/42 FAP/HTPB-binder laminate at a pressure
of 18 atm and a fuel-layer thickness of 300 µm. Fuel-layer protrusion in Variation-1
propellants typically is associated with large-diameter aluminum agglomerates.
Near the fuel matrix/coarse-AP boundary interfaces where the local temperature reaches
the stoichiometric adiabatic flame temperature of ∼ 2950 K, the aluminum oxide shell cracks
and melts and the aluminum droplet is ignited. Away from this boundary and its favorable
temperature conditions, the burning surface is forced to protrude or extend farther into the
gas stream, eventually encountering the “canopy” of the diffusion flame. Once in this flame,
the requisite oxide melting temperature is reached causing large pieces of the aluminum
particle protrusion to ball up into a single or multiple large agglomerates with diameters as
large as 150 µm. A series of images over the course of 5.8 ms show the fuel-layer protrusion,
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ignition, and subsequent aluminum ignition and agglomeration (Figure 5.3). The aluminum
agglomerate shown in Figure 5.3d is approximately 220 µm in breadth and has not fully
coalesced into a sphere. Also from (d), one can observe that the protrusion is smaller than
in (a). After the agglomerates have left the surface, the matrix layer again protrudes into the
gas stream and grows in height until it reaches the diffusion flame canopy and the process
repeats.
Figure 5.3: Fuel-layer protrusion is observed in a 58/42 FAP/HTPB-binder laminate
with a 300-µm fuel layer at 18 atm. Once the protrusion enters the diffusion flame
canopy region, temperatures increase and the aluminum ignites and coalesces.
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Burn/No-Burn Behavior
Similar to the baseline laminates, the Variation-1 laminates demonstrate stable burning,
without mid-pressure extinction behavior. The reduction in FAP content makes the already
fuel-rich matrix even more so but does not impede the aluminized laminate from burning.
The 58/42 laminates do not exhibit no-burn regions; they burn consistently over the pressure
intervals examined.
Aluminum Agglomeration and Ignition
Although largely unagglomerating in general, aluminum agglomerates in laminate propel-
lants are noticeably larger in diameter in the 58/42 formulations than in the 75/25 for-
mulations. The increase in the fuel-richness of the propellant lowers the AP/HTPB flame
temperature resulting in lower gas drag forces allowing the aluminum to stay on the surface
longer and sinter with other aluminum particles. In the 75/25 cases, diameters range from
about 20–40 µm, and in 58/42 cases, the diameters vary in size. Semi-quantitative, mea-
surements indicate agglomerate diameters may be as large as 120 µm. Or, in rare instances,
diameters about 200 µm are possible when the protrusion reaches the canopy flame and
ignites into large agglomerates (Figure 5.2). This protrusion behavior is discussed above in
section 5.1.2—Fuel Layer Protrusion.
The predicted aluminum agglomerate sizes for a bimodal composite propellant contain-
ing 58/42 FAP/binder can be calculated based on Cohen’s (1983) pocket model. Following
assumptions and procedure similar to that in section 4.3.3, a 58/42 FAP/binder propellant
with either 200-µm or 400-µm CAP is predicted to produce a single aluminum agglomerate
with a diameter of 180 µm or 360 µm, respectively. A correlation can be made between
the volume of a CAP-bounded pocket and the matrix area of a laminate propellant of the
length scale defined by the fuel-layer thickness is cubed. Therefore, the single aluminum
agglomerate produced according to the pocket model can be compared with the agglomer-
ate sizes produced by experimentally burning 58/42 laminate propellants with an equivalent
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(pocket or cubed fuel-layer length-scale) volume (see Table 5.1). (For example, the volume
of a pocket created by 200-µm CAP is equivalent to the cubed region defined by a laminate
with a fuel-layer thickness of 175 µm.) The predicted agglomerate (diameter ≈ 180 µm)
produced by a 200-µm CAP pocket is on the order of the largest agglomerates observed in
58/42 FAP/binder laminates with fuel-layer thicknesses of about 280–530 µm. The pocket
model indicates that increasing the pocket volume (by increasing the CAP size) will increase
the single aluminum agglomerate size by a proportional amount. An equivalent increase in
volume of the matrix in a laminate (by increasing the fuel-layer thickness) does not produce
an increase in the agglomerate diameters observed (if the length scale, or fuel-layer thickness,
is larger than about 280-µm)—increasing equivalent “pocket volumes” in the present 58/42
laminates with fuel-layer thicknesses larger than 280 µm does not translate to increasing
agglomerate diameters as the pocket model indicates it should. Smaller pocket volumes sug-
gest a better agglomerate-size correlation between the pocket model and the 58/42 laminate
propellants. A pocket bounded by 90-µm CAP is predicted to produce a single agglomerate
with a diameter about 80 µm which is similar to the size observed in the 58/42 laminate
with a fuel-layer thickness of 80 µm. These results show that the pocket model is relatively
accurate at predicting the maximum agglomerate size for a given propellant composition,
even in cases of wide-distribution propellants such as those studied in the present work—as
long as the FAP/binder ratio is such that extensive agglomeration occurs and, specifically in
comparisons to laminate propellants, the fuel-layer thickness is smaller than about 280 µm.
It also goes to show that the increased FAP content—as compared to conventional formula-
tions including 58/42 FAP/binder—of the baseline formulation (75/25 FAP/binder) greatly
reduces the occurrences of aluminum agglomeration, and that the pocket model does not in-
clude the kinds of mechanistic considerations necessary to predict the reduced agglomeration
behavior.
Unignited particles or accumulates often leaving the surface enter the flow field. These
accumulates may appear as small chains (Figure 5.4); this behavior is similar to that observed
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Table 5.1: The sizes of Al agglomerates predicted according to the Cohen pocket model
are compared with the agglomerates produced by experimentally burning Variation-1
(58/42 FAP/binder) laminate propellants with an equivalent (pocket or cubed fuel-
layer length-scale) volume.
and described in the baseline laminates (section 4.2.4). These filigree chains can be a few
particles or dozens in size. They are similar to, albeit smaller in overall size than, the
aluminized structure (Figure 5.1) that remains after the AP/binder has burned in the matrix
propellants (section 5.1.2).
Figure 5.4: Chains or filigrees of aluminum particles on the surface of a 58/42
FAP/HTPB-binder laminate at 35 atm with a fuel-layer thickness of 290 µm.
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Lateral Migration of Aluminum
Lateral movement or migration of aluminum particles across the burning surface occurs
in 58/42 FAP/binder laminate propellant. Aluminum is seen moving across the burning
surface—generally from somewhere on the matrix lamina toward CAP—and up the face of
the coarse-AP lamina. These findings are similar to those obtained in baseline laminates
(4.2.5).
In Figure 5.5, a 58/42 laminate propellant with a 300-µm thick fuel-layer at a test pressure
of 18 atm (1.8 MPa), a single small chain of three aluminum particles (about 44 µm in total
height) is located on the AP-side of the AP/fuel-layer interface. Over the course of the
next 8.8 ms, the aluminum chain moves up the surface of the coarse-AP slab, and, 2.2 ms
later, in frame (f) the particles flatten or spread out onto the surface of the AP. The dark
spot, indicating the location of the aluminum particles on the CAP, is approximately 45 µm
wide. Frames (c), (d), and (e) also show a second, larger aluminum particle (about 40 µm
in diameter) rolling up the bottom portion of the AP lamina slope and then flattening out.
Burning Rate
The burn rate pressure dependence of the baseline (75/25 FAP/HTPB-binder) formulation
and that of Variation-1 (58/42 AP/HTPB-binder) are plotted in Figure 5.6. A power-law
curve fit is associated with each data set and follows the relation rb = aP
n. The pressure
dependence is more pronounced in the baseline formulation than in the 58/42 formulation.
The baseline formulation has more FAP, and, as such, the influence of the AP on the system
is increased. This serves to drive the baseline pressure exponent higher.
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Figure 5.5: A series of images showing a small chain of aluminum particles moving
up the coarse-AP slab and then flattening out onto the surface of the AP. This 58/42
FAP/binder laminate has a fuel-layer thickness of 300 µm and is burning at 18 atm.
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Figure 5.6: Burn rate pressure dependence comparisons between Baseline (75/25
FAP/binder) and Variation-1 (58/42 FAP/binder) laminates.
5.2 Reduced Aluminum Content in
Matrix/Fuel-Layer (Variation-2)
In order to observe the effects of aluminum loading density, the aluminum loading is reduced,
by mass, from the baseline 31% to 15% in Variation-2. The FAP/Binder ratio remains at
75/25. In general, there is not a significant change in aluminum behavior (including tendency
to agglomerate or agglomerate size, ignition, and accumulation) or the characteristics of
burning matrix or laminate samples over the pressure ranges and fuel-layer thicknesses tested
between this case and the baseline formulation. A reduction in the mass percentage of
aluminum from the baseline formulation does not affect fuel layer protrusion; there remains
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a lack of fuel layer protrusion.
5.2.1 Burning Rate
Figure 5.7 plots the burn rate pressure dependence of the baseline (31% Al loading) and
Variation-2 (15% Al loading) formulations. Similar to previous burn rate pressure depen-
dence graphs, a power-law curve fit with the relation rb = aP
n is associated with each data
set. The slopes of the two fits are nearly equal; thus, the pressure dependence of the two
formulations are essentially equivalent. The laminates loaded with 15% Al have an increased
overall burn rate as compared with the 31% Al laminates. A possible explanation for this
phenomenon (the increased burn rate for the lower Al loading formulation) is related to
the radiative feedback, (Ishihara et al. 1991; Son and Brewster 1995) particularly at low
pressures, from burning aluminum and molten aluminum oxide. At low pressures, radiation
feedback increases burn rate. At high pressures (and even at low pressures), it is postulated
that conduction dominates the system and reduces the impact of radiation on the burning
rate. Radiation from the gas flame, molten aluminum oxide, and burning aluminum satu-
rates and becomes opaque and optically thick as the aluminum loading increases to levels
greater than about 15%, by mass. It is postulated that up to and around the 15% Al loading
level, the optical thickness of the strongly radiating, ignited aluminum field increases and
then saturates (becomes optically thick). The effective temperature of the radiation field in
the gas flame is high due to the burning aluminum and molten aluminum oxide, and, thus,
there is a beneficial increase of heat feedback to the surface. However, as the aluminum
loading is increased, the radiation field—now saturated and optically thick—gives diminish-
ingly lower increases in emission. There is a competing effect: the inert heating of aluminum
in the solid and liquid phases. At 31% aluminum mass loading, there is twice as much
aluminum (as compared with 15% Al loading) behaving like a surface heat sink and pulling
heat away from the gas phase and back into the propellant. The decrease in heat available
at the surface reduces that which otherwise could have accelerated the decomposition of
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AP/binder resulting in a negative effect on burning rate. Zenin et al. (1968) states that in
a mixture containing 30% aluminum, by mass, the benefits to the burning rate cease, and
the burning rate approaches that of the non-aluminized mixture.
Figure 5.7: Burn rate pressure dependence comparisons between Baseline (31% Al
loading) and Variation-2 (15% Al loading) laminates.
5.3 Increased Aluminum Ingredient Size (Variation-3
and Variation-4)
These compositions (Variation-3 and Variation-4) are examined for specific cases to see if
there are changes in the tendency to agglomerate or for changes in agglomerate size due to
the larger parent aluminum diameter being utilized.
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5.3.1 30-µm Aluminum (Variation-3)
The Variation-3 formulation is examined in matrix and laminate form. Unlike the baseline
(15-µm Al) or Variation-1 (58/24 AP/binder) formulations which burned over the entire
pressure range, the 30-µm (Valimet H-30) aluminized matrix, at pressures above atmo-
spheric conditions (4–11 atm) quenches or does not remain burning for very long once the
laser ignition source is extinguished. Therefore, only the atmospheric pressure tests result
in stable “burn” conditions. The increased size of the aluminum ingredients creates a more
concentrated (less uniformly distributed) thermal heat sink that prevents the AP and binder
from being able to maintain a combustion flame once the initial energy source is no longer
present. At atmospheric pressure, however, the surface burn rate must be slow enough
that steady combustion can be maintained. The majority of the aluminum leaves the sur-
face unignited, similar to the baseline matrix, and all matrix tests produce a considerable
amount of smoke when burning. During burning, the atmospheric pressure matrix closely
resembles the behavior of burning baseline matrix. At pressures above atmospheric, clump-
ing of aluminum or formation of accumulates is common. This is probably because some of
the binder remains unburned and binds the aluminum together into clumps.
Laminates of Variation-3 formulation are burned at 21.4 atm only. Its burning and
aluminum behavior nearly mirrors that of the baseline laminates. As seen in Figure 5.8
aluminum leaves the surface unignited and ignites as soon as it reaches the outer-canopy
diffusion flame. The aluminum does not agglomerate but does form small chains or filigrees.
There is some lateral migration of aluminum—mostly in the region near the AP/fuel-layer
interface. This movement, however, is not as prevalent as it is in baseline laminates. Al-
though not conclusively known without matrix testing at 21.4 atm to see if it burns, it is
hypothesized that the matrix would continue to exhibit no-burn tendencies up to and above
this pressure (in light of its non-burning behavior at pressures higher than atmospheric). If
this hypothesis holds, then the laminate burns at a pressure the matrix does not due to the
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presence of the coarse-AP laminas, which (a) allow the higher temperature diffusion-flame
regions to form, and (b) allow aluminum to ignite downstream and radiate heat back to the
propellant. It is also possible, although less likely, that the increased pressure enables the
laminate to burn (and would have allowed the matrix to burn) aside from the benefits of
including CAP laminas.
Figure 5.8: Aluminum agglomeration and ignition behavior in Variation-3 (30-µm Al)
laminate with a fuel-layer thickness of 900 µm at 21.4 atm. The surface is hand-drawn
in white. Aluminum agglomerates are larger than with 15-µm Al just because of the
larger ingredient size, but the degree of agglomeration is still kept relatively low by
the favorable FAP/binder flame conditions.
5.3.2 95-µm Aluminum (Variation-4)
The Variation-4 formulation is examined only in bimodal composite form. Larger (95-µm,
Valimet H-95) parent aluminum particles replace the 15-µm aluminum to observe the effect
on agglomerate size. Tests are all run at 3 atm. The use of 200-µm CAP combined with
the small depth of field complicates the ability to detect, visibly, how the CAP and the
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Al interact. There is very little, if any, observable Al lateral movement like that which is
documented in the bimodal composites with smaller parent Al. The lack of lateral movement
is probably due to the reduced mobility (greater lateral drag forces) associated with the larger
size of the Al particles. They are larger than the thickness of the binder melt layer and,
therefore, not easily able to move about. This lack of movement could imply that the size
of the aluminum particles—at 95 µm—are so big that they are stuck in the solid phase of
the binder (below the melt layer) and retained there until surface forces drag them away.
Ignition of the agglomerates sometimes occurs on the surface, and other times it occurs
above the surface. Although the CAP particles are not readily visible as they are in the
baseline formulations, the ignition that occurs on the surface is most probably taking place
near CAP where temperatures are higher. Nearly continually, small (just a few micrometers
in diameter) bright streaks are observed to leave the surface. These could be FAP particles
that are being dragged away from the surface before they have time to decompose and react
with the binder (Figure 5.9).
Particles leave the surface both as individual particles/agglomerates or as a small chain of
two or more parent particles, similar to baseline propellant behavior. As expected with larger
parent aluminum size, agglomerates are in the 100–160 µm range and tend toward the lower
end of that range (Figure 5.9). This means only a few parent particles are agglomerating
together; however, the physical process of aluminum particles agglomerating together is not
observed. Because of this fact, the researcher believes that, for the most part, the apparent
agglomerates are not really two or more parent aluminum particles that have joined together,
but are more likely variations in the original parent ingredient size. The Valimet website
(www.valimet.com) states that H-95, although nominally called 95 µm, has a mean (50%)
size of 120 µm and has a broad size distribution (at 10%: 73 µm and 90%: 190 µm). (Any
sieved powder will have a size distribution.) Therefore, the “agglomerates” might be parent
ingredient aluminum larger than the stated nominal size.
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Figure 5.9: A Variation-4 (95-µm Al) bimodal-AP propellant at 3 atm. The diameters
of several features are shown. In spite of larger parent Al particles, the degree of Al
agglomeration is still kept relatively low by favorable FAP/binder flame conditions,
similar to Figure 5.8.
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Chapter 6
Final Remarks
This chapter summarizes the knowledge gained from this work and suggests possible avenues
for future research and exploration.
6.1 Summary and Conclusions
An extensive amount of experimental data have been amassed relating to aluminized, wide-
distribution, bimodal-AP/HTPB-binder systems with high fine-AP loading. These data were
collected using a high-speed video camera to image the behavior of particulate aluminum
in 1-D (matrix), 2-D (laminate), and 3-D (bimodal composite) propellant configurations.
Flame structure of AP/HTPB flames with just FAP/binder and both CAP and FAP/binder
in the presence of aluminum particles is investigated. Aluminum behavior (both agglom-
erate formation and ignition of aluminum) as it relates to the AP/binder flame structure
is determined. Additionally, a propellant formulation with significantly reduced overall Al
agglomeration is discovered and described. Acquired knowledge can be used to further re-
fine composite propellant models and simulations and improve their fundamental accuracy.
Presented here is a summary of the results obtained.
6.1.1 Baseline Findings
A wide-distribution, bimodal-AP/HTPB-binder baseline propellant consisting of 70% bimodal-
AP (44% FAP and 26% CAP), 14% HTPB-binder, and 16% aluminum, by mass, is examined
in multiple formats: pocket matrix (no CAP), laminate (CAP as lamina), and bimodal com-
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posite. These different formats allow investigation of system behavior by reducing the overall
system complexity so individual relationships between variables can be better understood.
The composition examined has FAP/CAP (1.66) and FAP/HTPB-binder (75/25, by mass)
ratios higher and FAP size (2 µm) lower than conventional propellants. The disparity in
sizes in the wide-distribution AP between the CAP (200 or 400 µm) and FAP sizes—two
orders of magnitude—is larger than most; likewise is the size disparity in that the FAP is
an order of magnitude smaller than the aluminum powder ingredient (15 µm).
It is found that AP/HTPB flame structure (with just FAP or FAP/CAP) in the presence
of Al is largely the same as without Al. The split/merged flame regime map is about the
same with as without Al. Case-by-case differences, however, do exist that can be explained
by the influence of Al. For example, it is observed in various situations that in a formulation
that burned poorly and in which Al is absent or is present but does not ignite, if the same
basic formulation is maintained but Al is induced to ignite, the propellant burns better
(more stably, faster, etc.). In addition, the presence of aluminum is observed in the form of
heat sink (combustion retarding) and enhanced thermal conduction (combustion enhancing)
effects.
A key finding of this work is low overall agglomeration behavior, even at relatively low
pressures (1–30 atm) where agglomeration is normally the most prevalent. Agglomerate
formation is seen to occur both on the surface of the pocket matrix (both on its own and
when in laminate form) and on coarse-AP particles. On the pocket matrix agglomeration is
minimal—diameters up to a few times larger than the parent ingredient aluminum, whereas
on CAP particles larger agglomerates are formed—typically the size of the CAP or smaller
in diameter. The key to the reduction in pocket-matrix agglomeration is thought to be more
favorable gas-temperature/velocity conditions associated with the closer-to-stoichiometric
(inner-) premixed FAP/binder flame at the fuel-matrix surface than with conventional (lower
fine-AP loading) pocket formulations. The larger agglomerates formed on coarse-AP parti-
cles are fed aluminum by two mechanisms: lateral surface migration from matrix to CAP
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and settling from above in the direction of burning. Even with the more extensive agglom-
eration on CAP than on the matrix, the higher FAP/CAP ratio means fewer CAP particles
than conventional FAP/CAP-ratio propellants, and thus fewer large agglomerates formed.
Results are confirmed by three sample types: 1-D pocket matrix, 2-D laminates, and
3-D bimodal-AP composite propellants. Laminates show unambiguously that ignition of Al
occurs in the near-stoichiometric outer-canopy CAP/oxyfuel-matrix flame, whose structure is
either split (diffusion) or merged (partially premixed) depending on fuel-matrix thickness and
pressure, consistent with earlier findings on non-aluminized laminates. Ignition of aluminum
is not observed in matrix propellants. Burning rate data are collected on each of the sample
types. With increasing system complexity, burn rates increase due to the higher temperatures
of the AP/Binder flame. Two sizes of CAP are used (200 µm and 400 µm) in the bimodal
composites. Both exhibit the same burning characteristics; however, the aluminum migration
is more easily visible in the 400-µm composites. Aluminum agglomerates are slightly larger
and more prevalent in the 200-µm composites than in the 400-µm composites, but still
smaller and less prevalent than in conventional propellant formulations.
6.1.2 Effects of Varying Parameters from Baseline Conditions
Adjustments in the AP/binder, Al loading, and Al ingredient size are made to examine the
effects on aluminum behavior (including ignition and agglomeration). The AP/binder is
decreased from 75/25 to 58/42, by mass, making the propellant more fuel-rich. This change
results in a pocket matrix (1-D) that, unlike the baseline matrix which burns completely,
burns the AP/binder with no visible flame and leaves behind a network of weakly sintered
(not agglomerated) together aluminum particles. Aluminum remains unignited and unag-
glomerated. In laminate form, similar to baseline laminates, chains or filigrees of aluminum
form on the propellant surface. Laminates with decreased oxidizer to fuel ratios can result
in fuel layer protrusion (due to AP/binder burning and leaving the aluminum network be-
hind), which eventually reaches the diffusion flame and forms agglomerates. Aside from the
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agglomerates resulting from surface protrusion, the 58/42 laminates have aluminum that
does not agglomerate or ignite on the surface. Lateral migration of aluminum is observed
to occur in 58/42 laminates just as in baseline laminates. Thus, for promoting minimal Al
agglomeration, higher FAP/binder (75/25 and above) is desirable.
Aluminum loading, by mass, decreased from 31% to 15% in the matrix/fuel-layer does
not have a significant impact on aluminum behavior as compared to the baseline. The
burning rate pressure dependence of the two laminates are nearly equal, however the 15%
Al loading laminates have an increased burn rate compared those loaded with 31% Al. Two
reasons are given for this behavior. 1) The 31% Al matrix acts like a heat sink that draws
heat away from the surface and reduces the burning rate. 2) The heat feedback to the
surface from radiating Al is limited (and therefore less efficient at providing its energy to
the surface) because the optical thickness of the radiating cloud is reached as Al loading
is increased from 15% to 31%, by mass. The aluminum ingredient size is increased from
the baseline case. Matrix propellants with the larger diameter Al do not burn as well as
the baseline matrix propellants whereas the varied laminates behave similarly to baseline
laminates. Bimodal composite propellants with increased Al diameter behave like baseline
composite propellants. Lateral movement of aluminum is mostly not observed; however, due
to the large size of the aluminum in relation to the (thin) binder melt layer, this result is
not a surprise.
6.1.3 Other Comments
The combustion of AP/Al/HC propellants is a complex system consisting of many adjustable
parameters and variables, e.g., pressure, FAP size, binder type, disparity in particle size
between FAP and CAP, FAP to CAP ratio, AP/HC ratio, Al size, Al loading, curative—some
of which are considered in this work and some of which are not. There is much that is still not
fundamentally understood about each parameter let alone how the behavior of one influences
the rest. That being said, however, one important possible generalization stemming from this
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work is that high FAP-loading levels in the matrix lead to reduced aluminum agglomeration
(overall) in the system. One proposed method to test this generality is to examine a similarly
Al-loaded propellant system that uses a more energetic binder (than HTPB) but contains
less FAP than that found in this work. Testing the generality could lead to new obstacles
such as aluminum adhesion properties (both to the surface and to itself) that could cause
the aluminum to behave differently—due to different system temperatures resulting from
the oxidizer/binder flame—especially in the matrix. Different matrix flame temperatures
could affect the surface regression (burning) rate—which affects how long the aluminum is
retained on the surface—and aluminum melting, sintering, and agglomeration conditions.
6.2 Recommendations for Future Work
Suggestions for improvement and recommendations for future study are given in this section.
6.2.1 Laser Illumination
Stricter control over the imaging system would result in higher quality movies. The light
sources presently available do not provide adequate external illumination of the sample
making it difficult, if not impossible, to see surface features under certain conditions and at
fast exposure times (useful for preventing streaking from burning aluminum and reducing
instances of image saturation). In many cases the sample was solely self-illuminated by
combusting aluminum. It would be useful to add a laser to the system that would provide
internal illumination down to few microseconds. This will help improve picture quality and
allow for better inspection of surface features.
6.2.2 Aluminum Particle Collection
It would be helpful to have a statistical breakdown of actual aluminum droplet sizes once they
have left the surface. To this end, a physical collection method that uses a non-visual method
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to collect aluminum droplets should be developed similar to that employed by Sambamurthi
et al. (1984). It should involve a quench process so that droplets will not burn up but will
be quenched and collected, thereby, determining their agglomerated size. This collection
would validate the information determined from the high speed imaging. Observations of
size could be obtained using a SEM or standard optical microscope with resolution greater
than 10 µm.
Collecting droplets that do not burn near the surface would also allow calculations that
quantify the amount of aluminum combusted via a mass balance. Knowing this information,
one could determine, more precisely and quantitatively, the amount of aluminum converted to
byproducts and the heat released through these processes. This could help provide estimates
for heat feedback to the surface.
6.2.3 Quantifying the Heat Transfer System
Radiation Effects of Aluminum on the System
Along with the aluminum particle collection apparatus, mentioned above, it would be helpful
to further understand the role heat transfer, specifically radiation, plays in the aluminized
system. Heat feedback to the surface from burning aluminum in the flow field occurs via
radiation. Initial indications suggest that the presence and location of the AP/HTPB (diffu-
sion and premixed) flames influence not only the ability of the aluminum to agglomerate but
also its ability to ignite and, therefore, radiate energy back to the surface. An unsuccessful
attempt has been made in this work to quantify this radiative benefit. Further refinement of
this technique could provide valuable information about the level of heat feedback at various
aluminum loading conditions.
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Measurement of Thermal Wave
Thermocouples could be imbedded in the propellant to measure the depth and strength of
the thermal wave. The temperature data would provide more information about how the
loading conditions affect the conduction, burning rate, and “preheating” of the propellant.
6.2.4 Bimodal Aluminum and FAP
The combustion community is focusing its energy on ultra-fine or nanometer-sized aluminum
particles. Investigations could be run on bimodal aluminum systems within this high-FAP
loaded, wide-distribution, bimodal-AP/binder system to see if it retains its low agglomerat-
ing characteristics. Likewise, it would be interesting to include coarser FAP (about 85 µm),
also known as intermediate-AP, to make a bimodal-FAP matrix and trimodal-AP propellant
overall. One could then observe aluminum agglomerate behavior to see if they retain the
agglomerating characteristics of the baseline propellants or form agglomerates of different
sizes (if they were to accumulate on the intermediate-AP similar to how they accumulate on
the CAP in baseline laminates).
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Appendix A
Non-Aluminized Laminate
(Variation-6)
A.1 Reasoning for Experimentation
Although not the primary objective of this work, non-aluminized matrix and laminate struc-
tures of equivalent oxidizer/hydrocarbon loading (75/25) are examined (Variation-6). Early
on in the present work questions were raised about the protrusion of the fuel layer under
certain conditions in oxygenated, non-aluminized laminates. At that time, literature on
oxygenated laminates using UV and IR cameras (Fitzgerald and Brewster 2004; Fitzgerald
2005) indicated there might be poor-enough burning conditions in the fuel layer to cause its
surface to protrude into the gas stream. The instruments used for imaging did not, directly,
show the surface profile. Alternate UV emission and transmission images were used with a
backlight source to show frames that were either OH* emission from the AP/HTPB-binder
flame or transmission of the UV lamp intended to show the surface profile. Meanwhile, the
IR imaging technique illustrated the HCl in the AP/HTPB-binder flame. Therefore, the
use of a high-speed visible camera in the present work enabled the opportunity to image the
laminate directly with little room left to interpretation about whether or not the oxygenated
surface layer protruded.
Other work on non-aluminized samples with a constant laser flux added to the system is
also described in Appendix F.
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A.2 Oxygenated, Non-aluminized Laminate
Tests are conducted on oxygenated, non-aluminized laminates that would be in the split-
flame regime according to the flame structure domain map created by Fitzgerald (Fitzgerald
and Brewster 2004; Fitzgerald 2005). (In pure-binder-non-oxygenated-and early oxygenated
laminates, fuel-layer protrusion was documented to occur in the split flame regime (Chor-
pening et al. 2000; Chorpening and Brewster 2002; Fitzgerald and Brewster 2004; Fitzgerald
2005;). Those flames were classified as “split” because the LEF bases were anchored to
the oxidizer/fuel interfaces on either side of the surface protrusion.) The laminates have
fuel-layer thicknesses greater than 600 µm and pressures above 10 atm. A few tests are run
at thicknesses and pressures lower than these in order to have conditions that produce a
merged flame and verify its surface profile.
No over-arching surface protrusion of the fuel layer is found. Occasionally, on self-
quenched or self-extinguished laminates, a small protrusion of the fuel layer occurs on the
edge (Figure A.1). This small protrusion, up to few tenths of a millimeter high, wide, and
deep, does not extend across the full depth or width of the fuel layer. It is an edge effect.
Whether it shows up and causes the laminate to quench or the process of quenching creates
the edge protrusion is unclear. These mini edge-protrusions are not observed in movies of
burning laminates.
Figure A.1: Non-aluminized, oxygenated laminate with a fuel-layer thickness of 868
µm at 12 atm. Laminate self-quenched, and rear surface has mini-protrusion that is
only a few tenths of a millimeter in height, width, and depth.
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Interestingly, protrusion-like profiles sometimes occur when the samples burn irregularly
(Figure A.2). One condition where these protrusion-like profiles are observed is when the
flame front burns down the back of the sample first and then burns the front or vise versa.
When the flame burns down the back of the sample and begins burning the front, the matrix
burns unevenly and can form what would appear to be a protrusion (Figure A.3). The uneven
burning results in one AP/fuel interface being much more receded than the other and would
sometimes, but not always (Figure A.4) have a non-centered (widthwise) protrusion near the
lagging AP/fuel interface. A half-laminate (of the form described in Appendix D) shows how
the flame first burns down the back of the sample and then front (Figure A.5). In Figure
A.5, the front of the sample is the left side of the frames. If viewed from the front while
the flame was burning down the back side, the front of the sample could appear protruded
or uneven like Figure A.3 or Figure A.4, respectively. The half-laminate in Figure A.5, if
viewed from the front and mirrored next to itself (as if it were two halves making a whole)
would appear to have a protrusion the length of the sample. This “protrusion,” however, is
likely due to edge effects (and would not, as discussed above, be an actual, protruding fuel
layer) because there is no oxidizer on the other side of the fuel layer. The lack of oxidizer
causes the inner surface (facing the camera) to be in a premixed regime that has very poor
burning conditions that would not otherwise be present (in a whole-laminate).
More recent work from Fitzgerald and Brewster (2008) using IR imaging conducted si-
multaneously with UV transmission/emission imaging of oxygenated laminates states that
although the surface profiles generated by UV transmission images indicate an extensively
protruding matrix lamina, IR imaging of the same surface suggests far less matrix lamina
protrusion than the UV images. They attribute this difference to “gas containing species that
are efficient UV absorbers and IR emitters but not efficient UV emitters.” They concluded
that IR imaging results in more accurate burning surface locations and flatter surface profiles
than previously reported. The present visible camera work on oxygenated laminate corrob-
orates their findings and states, with more certainty, that the surface profiles of oxygenated
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laminates remain, on the whole, non-protruding.
Figure A.2: Non-aluminized, oxygenated laminate with a fuel-layer thickness of 930
µm at 16 atm. (a) Rear surface has a mini-protrusion, edge effect whereas (b) the
front surface profile is sloped sharply.
Figure A.3: Non-aluminized, oxygenated laminate with a fuel-layer thickness of 992
µm at 21.5 atm. Burning down back leaves small section of matrix on front that gives
the appearance of a protruding fuel layer.
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Figure A.4: Non-aluminized, oxygenated laminate with a fuel-layer thickness of 930
µm at 11 atm. Rear surface has a flat profile whereas the front surface profile is sloped.
Figure A.5: Non-aluminized, oxygenated half-laminate with a fuel-layer thickness of
500 µm at 21.5 atm burning unevenly from front (left of frame) to back of sample.
(a) Burning at the back of the sample could make front (as view from the front) to
appear protruded whereas (b) at a later time, the front catches up to the back.
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Appendix B
Original Lighting Configuration
Early experiments were performed using two different external lighting schemes than the
one adopted for use for the majority of the present work (and described in Chapter 3). The
original setup and lighting scheme is similar to that shown in Figure B.1 minus the diffusive
plate. This lighting arrangement used a backlight (first a standard light bulb, later a 1000-W
source) to illuminate the inside of the chamber and the sample. The 1000-W source required
using a diffusive plate between it and the chamber. The next iteration (Figure B.2) used a
mirror to reflect the light from the 1000-W source and provided frontal illumination to the
sample in addition to rear backlighting from the diffusive reflector.
Figure B.1: Photograph showing the camera, combustion chamber, and diffusive plate.
The light used for backlighting is located to the right of the photograph.
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Figure B.2: Photograph showing the combustion chamber with the mirror and diffu-
sive reflector. The 1000-W light used for backlighting is located to the right of the
photograph.
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Appendix C
2% Aluminum Loading (Variation-5)
A few laminate-only tests are performed using the Variation-5 formulation. The FAP/HTPB-
binder remains at 75/25; however, the aluminum loading is decreased from the baseline value
of 31% down to 2%, by mass, and the nominal parent aluminum diameter is still 15 µm.
The purpose of these tests is to observe the aluminum behavior in the laminate form when
individual particles are easy to identify. Due to the low aluminum loading, agglomeration
is not expected and does not occur. The melt layer does not retain the aluminum on the
surface, and coupled with the small numbers of particles, the aluminum rarely is close enough
to each other to have a chance to agglomerate. With the setup and lighting conditions used
and the number of tests run, there is not enough information to draw conclusions regarding
the lateral movement of aluminum. The smaller percentage of aluminum loading results
in less self-illumination from burning aluminum and the surface of the propellant is often
difficult to see. The low-light test conditions combined with the dark binder layer make
distinguishing the binder from aluminum near the surface in the melt layer difficult. Similar
to baseline laminates, aluminum leaves the surface unignited, and ignition occurs near the
diffusion flame. Test pressures are 9.8 and 14.6 atm with fuel-layer thicknesses of 200 µm
and 520 µm, respectively.
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Appendix D
Test and Image Catalog
This appendix presents a comprehensive data matrix of the experiments performed in sup-
port of the present work. The data is divided into tables (Tables D.1–D.7) based on the
propellant formulation type (baseline or one of the variations from baseline). One or more
representative images for each test conducted are shown in Figure D.1, if available.
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Table D.1: Baseline formulation data matrix.
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Table D.1: (cont.)
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Table D.1: (cont.)
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Table D.1: (cont.)
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Table D.1: (cont.)
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Table D.1: (cont.)
126
Table D.1: (cont.)
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Table D.1: (cont.)
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Table D.1: (cont.)
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Table D.1: (cont.)
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Table D.1: (cont.)
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Table D.1: (cont.)
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Table D.2: Extra binder (Variation-1) data matrix.
133
Table D.2: (cont.)
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Table D.2: (cont.)
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Table D.3: Reduced aluminum content in matrix/fuel-layer (Variation-2) data matrix.
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Table D.3: (cont.)
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Table D.3: (cont.)
138
Table D.4: Increased aluminum ingredient size—30-µm Al—(Variation-3) data matrix.
Table D.4: (cont.)
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Table D.4: (cont.)
Table D.5: Increased aluminum ingredient size—95-µm Al—(Variation-4) data matrix.
Table D.5: (cont.)
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Table D.5: (cont.)
Table D.6: 2% aluminum loading (Variation-5) data matrix.
Table D.6: (cont.)
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Table D.7: 0% aluminum loading (Variation-6) data matrix.
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Table D.7: (cont.)
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Table D.7: (cont.)
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Table D.7: (cont.)
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Table D.7: (cont.)
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Table D.7: (cont.)
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Figure D.1: Catalog of images representative of the indicated test.
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Figure D.1: (cont.)
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Figure D.1: (cont.)
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Figure D.1: (cont.)
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Figure D.1: (cont.)
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Figure D.1: (cont.)
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Figure D.1: (cont.)
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Figure D.1: (cont.)
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Figure D.1: (cont.)
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Appendix E
Interesting Artifacts
During the course of conducting numerous tests, interesting artifacts and anomalous behav-
iors arise and are noticed. This appendix describes some the observations that are made
during experimentation and video review.
An interesting artifact emerged during early experimentation of a baseline laminate with
an 820-µm fuel-layer thickness burning at pressure of 4.4 atm. As shown in Figure E.1, a
large clump of aluminum particles, roughly 700 µm high x 350 µm wide, heats up, melts,
and coalesces into a single, large agglomerate that detaches from the surface. This anomaly
(the big aluminum chunk) demonstrates the melting and ignition process that aluminum
accumulates go through as they are heated up to—and likely past—the aluminum oxide
melting temperature (2320 K). The cooler, dark, aluminum chunk lightens in color as it
heats up. The onset of melting is apparent in the upper-right image as the aluminum
reduces its surface energy and begins to take the form of a sphere. The melting progresses,
exothermically, across the chunk. In the last image, the droplet has detached from the
surface but has not completely melted at that point. The top surface of the droplet is not
spherical, indicating that the droplet rotated after it detached from the surface. An oxide
cloud surrounds the burning droplet as indicated by the smoke tail coming off the top of the
burning droplet. The series of images transpire over an 86 ms.
A second interesting artifact, occurring after an experiment at a pressure of 4.4 atm had
completed, is an in-focus series of images of a burning aluminum droplet inside its flame and
oxide smoke envelope cloud. Figure E.2 shows a burning aluminum droplet that is roughly
100 µm in diameter. The bright spot on the droplet in each image is the aluminum oxide
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Figure E.1: Sequence of images showing the aluminum agglomeration process occur-
ring over an 86 ms time period during a test at 4.4 atm.
cap, or lobe. The change in location of the oxide lobe between images is due to droplet
rotation. The oxide smoke cloud reflects the intensity of the solid oxide cap.
The bimodal-AP propellant formulations contain coarse AP that, when burned in the
present work, are the locations at which aluminum accumulates and agglomerates form (see
section 4.3). Figure E.3 illustrates a clear demonstration of a pre-identified—frame (a), the
pre-test image—CAP particle and that aluminum accumulates on its surface as the CAP
particle burns. These images are from a Baseline-2 (400-µm CAP) propellant burning at 3
atm. A CAP particle is located on the right side and about halfway up from the bottom of
the images. As the CAP burns, the accumulation of aluminum particles (via settling and/or
lateral) migration occurs on its surface. One can see the light color of the AP below the dark
color of the accumulating aluminum. By (g) the CAP has completely burned away, and all
that remains is an accumulate of aluminum. Image (h) illustrates the shape of accumulate
as it separates form the surface. The bottom of the accumulate is flat whereas the top is
domed.
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A different test, also using a Baseline-2 (400-µm CAP) propellant burning at 3 atm,
illustrates the rippling and distorting of the outer surface of an aluminum accumulate as the
individual aluminum particles melt and coalesce into a single unit (Figure E.4). Figure E.4a
shows the aluminum-covered CAP earlier in the test when the parent aluminum particles are
collecting on its surface but have not begun to melt. (One should note the larger size of the
accumulate in (a) versus that in (b).) Frames (b) and (e) show the liquid aluminum jutting
away from the surface whereas frames (c) and (f) show dimpling of the surface once the
“juts” are retracted into the aluminum accumulate. Although not conveyed the best through
still images, the surface of the accumulate ripples up and down as the aluminum particles
merge together. After the CAP has burned away, the remaining aluminum accumulate, now
smaller in size due to the reduction in surface area with the initial coalescing of the aluminum
particles, flips on its side and lifts off the surface. Eventually, it will ignite, fully coalesce
into a spherical droplet, and burn in the gas stream.
Lastly, Figure E.5 shows a baseline laminate burning around a pore in the fuel-layer
matrix. Interred air pockets, or pores, can form during when solid and liquid constituents
are intermixed (even after being placed under a vacuum in order to remove these air pockets).
Figure E.5a is an image taken prior to the test, and it shows the location of a pore that
appears to be lightly filled with AP shavings. (These shavings likely filled the pore when
the front of the sample was sanded flat during sample preparation and were not removed
by the adhesive tape used to clean the surface of the shavings and other debris.) The AP
shavings inside the pore burn quickly-faster than the surrounding 500-µm thick fuel-layer
matrix. The overall burn rate of the laminate is not affected by the pore. Aluminum does
not accumulate in the pore, and there are no changes in agglomeration behavior before,
after, or during the burning of the pore.
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Figure E.2: An aluminum agglomerate burning in a flame-smoke envelope. (Images
are recorded at 4.4 atm.)
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Figure E.3: A CAP particle (located on the right side of the images, a little over
halfway up from the bottom) burns down and retains a curved top as aluminum
particles settle on it from above and migrate towards and accumulate on it (note the
dark color of the Al in contrast to the light color of the AP). The pre-test image (a)
shows the location of the CAP particle in the Baseline-2 (400-µm CAP) propellant
that is burned at 3 atm.
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Figure E.4: Image sequence showing the rippling and distorting of an aluminum ac-
cumulate/aggregate as the individual aluminum particles melt and coalesce together.
The aluminum particles are accumulating on a CAP particle in a Baseline-2 (400-µm
CAP) propellant at 3 atm. After the CAP particle has burned away, the accumulate
flips on its side, leaves the surface, and, further downstream, ignites in the gas stream.
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Figure E.5: A baseline laminate with a fuel-layer thickness of 500 µm is burned at
32.3 atm. The pretest image (a) shows the location of a pore (or air pocket created
during sample preparation) which appears to be lightly filled with AP filings (which
occurred when the front of the sample was sanded flat during sample preparation).
The AP internal to the pore burns quickly, faster than the surrounding matrix. The
overall burning rate is not affected by the pore.
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Appendix F
Addition of Laser Flux
A series of experiments are performed on Variation-6 (0% Al, 75/25 AP/HTPB-binder)
matrixes in order to try and quantify the effect/magnitude of aluminum radiation on the
burn rate of the baseline matrix. (The data matrix and representative images can be found
in Table D.7 and Figure D.1, respectively, in Appendix D.) Instead of turning off the
laser ignition source as soon as a visible flame is observed, the laser flux remains on as
supplement to combustion during the duration of sample combustion. The theory behind
this experimental method is, for a given pressure, to increase the steady flux delivered (by
means of a series of tests in which the flux is constant for a particular test and the burn
rate is calculated to see if the next test needs a higher or lower level of flux) to the surface
of the non-aluminized matrix via the laser, until the burn rate of the laser-supplemented,
oxygenated matrix is equivalent to the burn rate of the baseline matrix. The level of laser
flux would then be equivalent to the radiative flux emitting from the combusting aluminum
particles that reaches the propellant surface. In this way, a relationship between pressure
and radiative flux reaching the surface could be created.
Unfortunately, theory does not always translate so elegantly into reality.
Experiments are performed in the pressure range of 4.4–21.5 atm. Laser flux is set to
10–50 W/cm2. Burning samples produce varying amounts of smoke. The low pressure
(4.4 atm) tests seem promising, at first. However, by the time the flux is 50 W/cm2, the
calculated burn rate for the non-aluminized matrix (1.8 mm/s) is still below that of the
equivalent aluminized (baseline) matrix (2.2 mm/s). At higher system pressures, a new
problem presents itself. Regardless of the laser flux applied, the burning behavior becomes
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intermittent. The flame would repeatedly ignite then extinguish then ignite and so on, shift
locations by burning at the front of the sample and then the rear and so on, or increase and
decrease in strength throughout the duration of the combustion.
There are several potential explanations for the presence of intermittent burning. The
smoke byproducts produced could interfere with the laser flux and block some or all of
the flux from reaching the surface with enough energy remaining to aid the burning of the
matrix. (Remember, unaugmented, non-aluminized matrixes do not burn.) The blockage
of laser flux could vary from instant to instant because the smoke streams are constantly
changing. Also, the laser spot follows a Gaussian distribution. Although the laser spot size
is larger than the propellant cross sectional area, and there is no uneven heating for the
short-term time period for ignition, there could be accumulated uneven heating effects when
the laser flux is added for an extended duration (a few seconds).
Other possible problems or challenges with laser flux augmentation include variability in
the “steady” applied laser flux and laser spot size. The laser flux is supposed to be steady
and constant, but actually varies between 5–10 W/cm2 during a few second interval—the
length of time the laser flux is applied to the test sample. This variance does not cause
interference when the laser is used for a fraction of a second for ignition and then turned off
(like when it is used solely for the ignition of the sample). However, when the laser flux is
supposed to be held constant, a variance of even a few W/cm2 could have great implications
on the burning rate. A constant, continuous laser flux and a laser spot size larger than
the size of the propellant (for short time intervals, this would not affect the burning of the
sample) could transfer energy to the sample mount (the screw), allow it to heat up, and start
burn the propellant from the bottom-up in addition to top-down. (This occurred a couple of
times.) Lastly, higher pressures translate into faster burn rates. (Increasing pressure forces
the diffusion flame to sit closer to the propellant surface. The aluminum ignites when it
reaches the temperatures of this flame. More energy is transferred back to the propellant
because the flame stand-off distance has decreased and because the combusting aluminum
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and its radiant heating are closer to the surface. These both cause the burn rate to increase.)
Faster burn rates require a larger laser flux supplement. A balance between frame rate, image
resolution, and memory storage must be maintained. This balance is difficult to maintain
when the burn rate is the greatest (at higher pressures and flux values).
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Appendix G
Influence of Front/Rear Boundary
Conditions in Laminates
In order to check the influence of front and rear boundary conditions on the sample (specif-
ically a baseline sample), a test is devised to observe the burning laminate from the side.
Due to the symmetric nature of laminate propellants, the line-of-sight surface profile (as seen
looking at the front of the sample) is determined by imaging a half-laminate (one oxidizer
layer and the fuel layer) from the side. Samples are rotated 90 degrees from the previous
line-of-sight so direct imaging of the regressing fuel layer can be observed (see Figure G.1).
An inhibitor is placed on the fuel layer surface (normally sandwiched by the second oxidizer
layer) in order to maintain similar boundary conditions for the fuel layer. Test information
and representative images for the half-laminate work described in this appendix (and for
other half-laminate examinations) are documented in Appendix D.
Figure G.1: Camera viewing angles for a (a) normal laminate and (b) half-laminate.
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Although there is some variance, the surface appears to be flat, albeit at a slight angle
with the front of the sample lower than the back of the sample (Figure G.2). The exact
reason for this slightly angled profile is uncertain; however, it seems possible that boundary
conditions on the front and back of the laminates are playing a larger role than previously
thought. An alternate scenario is due to uneven ignition. Care is taken to ensure samples
are flat on the top when being prepared, however due to the Gaussian distribution of the
laser beam used for ignition, there is a chance that one portion of the sample is heated
greater than another causing that portion to begin burning sooner than the remainder of
the sample. Boron ignition paste is applied to the surface to attempt to mitigate this possible
issue, however no noticeable effects resulted.
Figure G.2: A half-laminate profile is shown. The front of the baseline sample (fuel-
layer thickness of 500 µm at 7.8 atm) is on the left side.
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